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PRESYNAPTIC FAILURE OF NEUROMUSCULAR 
PROPAGATION IN RATS 


By K. KRNJEVIC* R. MILEDI} 


From the Department of Physiology, Australian National University, 
Canberra, Australia 


(Received 10 June 1959) 


In two earlier publications (Krnjevi¢ & Miledi, 1957, 19586) we have described 
a kind of failure of neuromuscular propagation observed during repetitive 
stimulation of rat nerves in vitro and in situ, which we called presynaptic 
failure because the propagation block prevented nerve impulses from initiating 
any synaptic action (see also Kostyuk, 1958). Such failures were therefore to 
be distinguished from various types of synaptic or post-synaptic failures, 
e.g. those caused by a decrease in the amount of transmitter liberated, by a 
reduced sensitivity of the end-plate membrane to acetylcholine (ACh), or by 
an increase in the electrical threshold of the muscle fibre. With an intracel- 
lular micro-electrode in the ‘region of the end-plate, presynaptic failures 
were easily recognized, since iulike the other types of block they showed no 
local end-plate potentials (e.p.p.’s). 

In phrenic-diaphragm preparations in which a motor nerve fibre was 
isolated, presynaptic failure during repetitive stimulation occurred asyn- 
chronously in various muscle fibres of the motor unit (Krnjevi¢é & Miledi 
1957, 19584). This suggested that the conduction block could not have occurred 
at any point more central than the peripheral branching of the motor axon. 
The most likely sites for the presynaptic block therefore seemed to be either 
points of branching, or the narrow region which precedes the terminal expan- 
sion of the nerve fibre. 

The present paper gives a more detailed description of certain aspects of 
presynaptic failure, and an account of some experiments designed to deter- 
mine its probable cause. A preliminary communication of some of the results 


has already been given (Krnjevi¢ & Miledi, 1959). 


* Present address: A.R.C. Institute of Animal Physiology, Babraham, Cambridge. hie 
+ Fellow of the Rockefeller Foundation. Present address: Instituto Nacional de Cardiologia, 
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2 KRNJEVIG AND R. MILEDI 


METHODS 
All experiments were done on rat muscle. The preparations and methods of recording were similar 
to those described earlier (Krnjevi¢é & Miledi, 19582, 6). In the majority of cases we used the 
isolated phrenic-nerve-diaphragm preparation mounted in a Perspex chamber, and bathed in a 
Ringer—Locke solution at room temperature (22-25° C). nerve Carouge 
hole (made water-tight with silicone tap grease) into an adjacent part 4 
paraffin, in which it rested on platinum stimulating electrodes. 

Glass micro-electrodes filled with 3-KCl solution were inserted into muscle fibres with the 
help of a dissecting microscope (magnification 6-16 times). End-plates were easily located near the 
terminal arborizations of nerve fibres, clearly shown by trans-illumination. However, electrodes 
were assumed to be near end-plates only if spontaneous miniature e.p.p.’s were clearly discerned. 
It was often possible to keep the electrode in the same fibre and to record adequate potentials 
for many minutes during repetitive activity, without recourse to « paralysing agent. In experi- 
ments in situ, rats were anaesthetized with intraperitoneal pentobarbitone (4 mg/100 g/hr) and the 

The muscle was oxygenated either by vigorous bubbling with a mixture of 95% O, and 
5% CO, within the muscle chamber, or by a steady flow of fully oxygenated solution tarough the 
chamber at 10-20 ml./min, supplying 250-500 yl. O,/min. This may be compared with a probable 
resting O, consumption of 2-5-4 zl. /min at 37° C, calculated from a mean weight of 150 mg for 
diaphragms in our experiments, and figures of 1-1-5 ul./mg wet weight/hr given in the literature 
for the O, consumption of the rat diaphragm (Gemmill, 1941 ; Creese, Scholes & Whalen, 1958). The 
_ latter method was preferable when maximal oxygenation and minimal mechanical disturbance 
were both essential. It was also more convenient for producing rapid changes in O, tension. 
The changes in O, tension in the muscle bath were measured close to the surface of the muscle. 
with an QO, electrode (Davies & Brink, 1942). The electrode was an s.w.c. 20 platinum wire 
projecting 0-1 mm from a glass rod into which it had been sealed. It was kept at a potential 
0-8 V negative with respect to the indifferent electrode, a calomel half-cell. Such an electrode 
does not allow absolute measurements of the O, tension, but changes in O, tension are followed 
within lesz than 1 sec (cf. Davies & Rémond, 1947) and absolute values can be obtained if the 
electrode is calibrated, under the same conditions, against solutions containing known amounts 
of O,.. A continuous record of the O, tension in the bath was made available by amplifying and 
displaying on the oscilloscope the potential drop across a resistor (50 kQ) placed in series with the 
O, electrode. As is usually the case with unprotected O, electrodes, we observed a gradual loss of 
sensitivity in the course of an experiment. This change was only noticeable over periods of the 
order of tens of minutes. 

Temperature changes 


Quick changes of temperature were produced in the muscle bath by allowing warm or cold 
solutions to flow in rapidly from separator funnels. Excess fluid was removed by continuous suc- 
tion. All the solutions were kept thoroughly oxygenated. As the preparations proved to be 
exceedingly sensitive to even small changes in temperature, this was monitored continuously 
in the neighbourhood of the muscle. A thermistor (Type F 1512300 Standard Telephone Co.) 
was placed with its tip as close to the upper surface of the diaphragm as possible. Its variable 


_ fesistance was included in one arm of a d.c. bridge whose output was amplified and displayed 
on the oscilloscope. 


p 
The phrenic nerve fibres were polarized by passing a known current along the nerve trunk 
between the muscle bath and the adjacent paraffin pool. Non-polarizable electrodes were prepared 
from Ag—Ag(l wire covered with cotton thread and soaked in Agar—Ringer. One electrode made 
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PRESYNAPTIC NEUROMUSCULAR BLOCK 3 


contact with the nerve in the paraffin pool and the other dipped into the muscle bath. The length 
of trunk directly subjected to the current was about 6 mm. It usually had a resistance of about 
100 kQ. The amount of current passed could be easily varied; it was measured on a galvanometer, 
series resistor (10 kQ). 

Direct recording of the frequency of firing of e.p.p.'s : 

In several experiments we were interested particularly in the effect of changes in certain 
conditions (e.g. temperature or oxygenation) on the frequency of firing of fibres which failed 
intermittently. The usual system of amplifying was modified so that the amplified signals from 
the end-plate triggered a commercial radioactive-particle counter {Airmec Radiation Monitor 
_ 1021 B) which gave a d.c. output proportional to the frequency of pulses at the input. The input— 

output relation was tested and calibrated by applying pulses at known frequencies. 


RESULTS 
Presynaptic failure was observed under various conditions in 42 diaphragms 
in vitro, and in the gracilis anticus in situ in seven experiments. When the 
rested muscle is stimulated indirectly at the beginning of an experiment, a 
regular sequence of responses (e.p.p.’s and spikes) can be recorded with an 
_ intracellular electrode. After a few minutes the discharge may become inter- 
mittent, as some nerve impulses no longer reach the nerve endings. If repeti- 
tive stimulation is maintained, complete failure of propagation is often seen. 
| Reversibility of failures | 

. Intermittent failures are usually easily reversed by reducing the rate of 
stimulation; however, if the stimulation is then kept at the lower frequency, 
failures may begin again after some minutes, and a further reduction of 
frequency will then be essential if full conduction is to be restored. In other 
cases, the fibre apparently comes to an equilibrium, so that impulses are 
transmitted intermittently for long periods ©. min or more) without progres- 

sive deterioration. 

In another type of failure, usually during EE high-frequency stimula- 
tion, the onset is abrupt and complete block appears almost inimediately. As 
a rule conduction is not resumed when the rate of stimulation is lowered, but 
if the preparation is allowed to rest for say 10 min, the fraction of responsive 
end-plates increases progressively. There is no reason to doubt that all fibres 
recover if enbugh rest is given, with an adequate O, supply, etc. However, 
this can only be true for a limited period of time, since nerve fibres, either 
in vitro or in situ, rapidly degenerate after cutting, and this process is acceler- 

ated by repetitive activity (cf. Cook & Gerard, 1931). 


Frequency of stimulation 
Fibres in the same or different preparations varied much with yegard to 
the frequency at which repetitive stimulation caused a block. Nevertheless, 


certain — can be made: stimulation at 50/sec can be counted on 
1-2 
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to cause intermittent failure of many fibres within 2-5 min, i vitro or 1m sttu. 
Most of our observations in vitro were actually made with lower rates of 
- stimulation (10-30/sec). In situ, a frequency of 50/sec or less was sufficient 
to cause failure in five experiments out of seven, and many fibres failed at 
20-30/sec. However, the frequency needed for failure was often somewhat 
higher than in vitro, even when comparing experiments at 37°C. In three 
experiments in situ, several fibres showed signs of failing only after stimulating 
at rates as high as 100-300/ 
Patterns of impulses during intermittent failure 

So long as the rate of stimulation is neither excessive nor too low, inter- 
mittent failures can be observed in an end-plate for a period of several minutes. 
It is then found that the repetitive discharge of impulses (i.e. spikes or e.p.p.’s 
with interspersed failures) may occur in one of at least three ways. There 
may be obvious alternation of impulses and failures; a cyclic pattern of groups 
of impulses alternating with groups of failures; or an irregular sequence of 
impulses and failures showing no obvious pattern. 

After stimulating a phrenic nerve repetitively for a period of 3-4 min at a 
frequency > 20/sec, many end-plates in the diaphragm are no longer acti- 
vated at the frequency of nerve stimulation. In some cases no impulses may 
be detected at all, because of complete block; but in many other cases there 
is intermittent firing, which remains fairly stable at a certain frequéncy of 
stimulation, without either accelerating or slowing very markedly over a 
period of one or more minutes. Many records of such firing were obtained: 
in certain cases, a very obvious pattern of impulses is clearly not a random 
distribution (e.g. Figs. 1 and 6). In most cases, however, oe and failures 
are arranged in what seems a quite irregular manner. 


A temporal.sequence of successes and failures can be considered as a series of alternatives 


distributed along a line. Such a series is made up of a number of groups, each group consisting of 


one or more consecutive events of the same type. On the nul-hypothesis, every possible distribu- 
tion of alternatives in the series has an equal probability. In a population drawn at random, the 
probability of finding a given number of groups is the proportion of distributions which yield this 
number of groups. This type of problem was analysed in some detail by Stevens (1939), and was 
also considered by Swed & Eisenhart (1943) and Feller (1950). When the total number of groups, 
U, is even, the solution is given b 


ts) 


where P is the proportion of distributions yielding U groups, m is the number of events of one — , 


type (here impulses), n the number of events of the second type (here failures) and U = 2k. For 
odd values of U, 


where U = 2k +1. The binomial coefficients have the usual meaning, i.e. 
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As was pointed out by Stevens (1939) and also by Swed & Eisenhart (1943), the exact test of the 
significance of a particular arrangement is given by S, the sum of the probabilities of getting as 
large or larger (or as small or smaller) a number of groups: | 


Swed & Eisenhart (1943) give tables of S for values of m < n < 20. 

We employed this kind of analysis to examine sequences of impulses and failures in our records. 
The most sensitive conditions obtain when m = n = 50% of the total number of events; the 
| traces studied were therefore selected to include only those in which the proportion of impulses 
| was between 20 and 80%. It may be noted that the maximum possible number of groupe | (Um) 


Fig. 1. Examples of stimulus artifacts and membrane potentials recorded with intracellular 
- electrodes in end-plates of rat diaphragm in vitro, during repetitive stimulation of phrenic — 

nerve. In all cases presynaptic failure had begun, preventing numbers of impulses from reach- 
ing the end-plate. All records in this figure show arrangements of impulses and failures that 
are obviously not random. In A and B, which are continuous, discharge is of cyclic type, 
i.e. periods during which responses occur without failing alternate with periods of complete 
block; it was recorded during stimulation at 80/sec in diaphragm partly paralysed by excess 
Mg (15mm). In C, impulses and failures tend to alternate during stimulation at 40/sec; 
whilé'in D, from a third fibre, every other impulse is missing quite regularly during stimula- 
tion at 80/sec. 
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is given by Uy = 2m+1, when m< nor Uy = 2m, when m = n; while the most likely number 


of groups (U) is given b 
m(n +1) +n(m +1) 
m+n 


(4) 


Equation 4 is particularly useful since ¢ comparison of U and U often gives a very good idea of 
the probable result. 


Fig. 2. Examples of portions of long sequences recorded in end-plates of three different muscles 
in vitro. All three sequences show a random discharge; A occurred during stimulation at 
12-5/sec, B at 20/sec, and C at 32/sec. A number of cd Imes have been retouched in 
these and some subsequent records. — 


Observations made in vitro 


From the results of singe experiments in vitro eighty-six separate esti- | 


mates were made (eleven by inspection of the records, and seventy-five by 
analysis) of the manner of firing during intermittent presynaptic conduction 
block. These results were obtained during intracellular recording from forty- 
two different end-plates. “° 
When the available record formed one long, continuous sequence, the 


analysis was performed by counting m, n and U directly on the film. The 


calculation of P from equations (1) or (2) becomes rather unwieldy if the 
numbers involved are very large; for convenience, m+n was therefore always 
about 100. The most representative portion of the long sequence was taken for 
the counts, and if the result was on the border-line of significance, or if there 


were obvious variations in the manner of firing, the counts were répeated in | 


other regions. Of the eighty-six estimates mentioned above, 49 were made in 
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this manner. Figure 2 shows portions of three sequences of this type recorded 
in different fibres at frequencies of stimulation between 12-5 and 32/sec, which 
proved to have random grouping (S > 0-05). | 3 

_ Some oscilloscope records were taken with a repetitive horizontal sweep 
and a slow, vertically moving film (Figs. 1.4 and B, 3) which used the film 
more efficiently, but with the disadvantage that a number of events were 
missed in the intervals during the fly-back (usually 3-10 msec). This method 
of recording gave a large number of short sequences, in which m+n was 
mostly < 10. When applied to each of such short sequences, the analysis loses 
much of its power, because only relatively few arrangements can have 
a significance < 0-05; furthermore, individual sequences are much less 
likely to be representative of the general behaviour. The following procedure 
was therefore adopted. Counts of m, n and U were made in each of a series 
of at least fifty short sequences. The frequency distribution of values of U 
was then compared with the distribution to be expected on the nul-hypothesis; . 
the significance of differences from expected values was then estimated by 
calculating x” in the usual manner. Of the total of eighty-six estimates 
mentioned above, twenty-six were made by this method, based on counts 
of m, » and U in 1379 short sequences. Figure 3 shows portions of 3 series 
of short sequences, recorded in different fibres and different muscles, all 
exhibiting random firing. | : 


Relation between type of firing and frequency of stimulation 

An excessive number of groups tends to be associated with somewhat faster 
stimulation. This is shown in Fig. 4, in which fibres are grouped according to 
stimulation frequency, and the proportion (expressed as a percentage) with 
random firing is indicated by the black areas of the histograms; the white 
areas correspond to the proportion of fibres firing with an excess or a deficiency 
of groups. All the sequences at frequencies of stimulation less than 19/sec 
were random, but none of those at frequencies of stimulation more than 
 44/sec. If we assume that there is an equal chance of finding random sequences 
at all frequencies, the probability of observing such an uneven distribution is. 

less than 0-001 (x? = 22:7,¢ = 5). 
The difference between firing at low and high frequencies of stimulation 
may be shown in another way. If we take all the long sequences which have 
| been analysed, we can compare the number of groups actually found (U ) 
with the most likely number on the nul-hypothesis (U). This was done in 
Fig. 5.4 for sixteen sequences recorded during stimulation at a low frequency 
(5-16/sec) and in Fig. 5B for eleven sequences at a high frequency (30- 
50/sec). It is clear that in A the points are relatively close to the theoretical 
line of perfect agreement between U and U (dotted line), and that they are 
distributed reasonably symmetrically on either side. The solid line is the line 
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Fig. 3. Examples of three series of short sequences recorded from end-plates of three different 
muscles in vitro. All three series show a random discharge. A occurred during stimulation at 
10/sec, B at 12-5/sec, and C at 30/sec. Note that each short sequence is separated from the 
next by fly-back time (3-10 msec). , 


100 


Number of fibres (%) 
=) 


«USO 60 70 80 90 100 
Stimulation frequency (c/s) 

. Fig. 4. Histogram showing proportion of failing rat. phrenic-diaphragm fibres (during stimulation 
at given frequencies) whose discharges had ‘a random (S > 0-05) arrangement of impulses 
and failures (black areas). The figure is based upon an analysis of discharges in 44 fibres, the 
numbers of fibres in each group being (reading from left to right) 4, 5, 8, 5, 11, 6 and 5 
-respectively. 
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of best fit (calculated by the method of least squares) and the hatching 
_ indicates the 5% confidence limits. The regression coefficient was 1-023 
(s.£. 40-147), which is clearly not significantly different from 1-0. In B, 
the points are all above the dotted line, and the regression line indicates a 
general tendency to an excess of groups which increases with the frequency of 
stimulation. The regression coefficient was 1-68 (s.z. + 0-309), which is just 
significantly different from 1-0 at the 5% confidence level. 


A 


Fig. 5. Comparison of observed numbers of groups (U) with expected numbers (U) in A, 16 long 
: sequences recorded in rat phrenic-diaphragms stimulated at low frequencies (5-16/sec), 
and B, in 11 long sequences at relatively high stimulation frequencies (30-50/sec). Diagonal 
dotted lines indicate perfect agreement between U and U; solid lines give regression of U on 
U, the 5% confidence limits being shown by hatching. 

High-frequency stimulation can have a delayed effect on the type of firing; 
this was shown by sequences recorded during stimulation at the relatively low 
rate of 25/sec, begun immediately after a period of 2-3 min of stimulation at 
64/sec. All sequences had a greater number of groups than that expected: 
but whereas the excess of groups was highly significant (S = 0-001) at the 
start of the series, it was on the border-line of significance (S = 0-04) 40 sec 

later, and not significant (S = 0-08) 2 min later. | | 
At frequencies of stimulation greater than 50/sec the tendency to an excess 
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of groups was usually such as to be immediately evident upon inspection. 
Where the rate of failure was about 50%, impulses and failures often alter- 
nated very regularly for long periods (Fig. 1D). 


Cyclic patterns of firing 

In several fibres we observed the opposite extreme, i.e. a marked deficiency 
of groups; impulses and failures tended to occur in more or less regularly 
alternating cycles (Fig. 1.4 and B). Once the pattern of cycles was established, 
it persisted for many minutés with only relatively slow changes, so long as the 
frequency of stimulation was not altered. In vitro this behaviour was only 
seen under certain conditions. It occurred after a period of prolonged stimula- 
tion at a high frequency (> 50/sec), and was principally seen in muscles whose 
contractions were reduced by stimulating only one or two nerve fibres, or by 
an excess of magnesium. In the firing phase of a cycle there was usually 
regular activity without intermittent failures, except when the rate of stimula- 
tion was very high (e.g. 320/sec), in which case impulses tended to alternate 
with failures. The inactive phases of the cycle allowed the muscle end-plate 
to recover appreciably from the effects of tetanic stimulation. This was shown 
at the onset of each firing phase by the appearance of spikes or larger e.p.p.’s 
_ which diminished progressively. Several features of the cyclic type of firing 
suggest that it usually does not originate in the same region of the nerve as 
the intermittent type of failure. If the muscle is observed closely during 
cyclic firimg, rhythmical changes in contraction are visible over a substantial 
area; this indicates that entire motor units may be involved (cf. Krnjevic & 
Miledi, 1958a). This was confirmed in experiments in which potentials from 
different fibres were recorded simultaneously with two micro-electrodes. It 
seems that whereas most intermittent, low-frequency failures occur in the 
most peripheral part of the nerve, probably in its intramuscular course, the 


cyclic, high-frequency type of failure most often arises in the nerve trunk, 
outside the muscle chamber. | | 


Observations made in situ 
Fourteen separate estimates were made of the type of firing recorded during 
_ presynaptic failure in the end-plate region of thirteen different fibres. Five 
estimates were based upon inspection of the records; three upon analysis of 
the number of groups in long sequences (as above), and six upon an analysis 
_ of a series of short sequences (also as above; m, n and U were counted in each 
of 403 short sequences). In contrast to the results obtained in vitro, the se- - 
- quences did not tend to have an excess of groups; the only exceptions occurred 
_ while stimulating at the very high frequency of 320/sec. Whenever firing was 
not random, it was usually because of a deficiency of groups. This tendency | 
culminated in an obvious cyclic pattern (Fig. 6), as observed in vitro. This type 
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of failure was again associated with prolonged stimulation at high frequencies 
(> 50/sec). It was seen relatively often (in five cases out of fourteen), no 
doubt because as a rule presynaptic failures occur in situ only after a some- 
what longer and faster tetanus. : | 

Sequences observed 7m situ differed from those in vitro in one other respect; 
the type of firing was much less sensitive to the frequency of stimulation. 
Random sequences of impulses and failures were observed during stimulation 
at frequencies which ranged from 1/sec to 250/sec; sequences with either too 
few or too many groups to agree with the nul-hypothesis occurred at frequencies 
in the range 31-320/sec. Clearly, the zone of overlap (31-250/sec) is very much 
greater than that found in vitro (20-44/sec). 


Fig. 6. Cyclic firing recorded in an end-plate in gracilis anticus in situ during repetitive 
nerve stimulation at 160/sec. The traces form a continuous sequence. 


Effect of temperature changes on intermittent firing 


_ During stimulation at a constant frequency the number of impulses which 


failed to reach the nerve endings, in preparations in vitro, was extremely 


- sensitive to even small changes in temperature. Typical changes in the rate of 


firing produced by raising or lowering the temperature are shown in Fig. 7. 
When the temperature was 24° C (Fig. 7A) the fibre was firing very occasion- 
ally during indirect stimulation at a constant frequency of 16/sec, but reacted 
quickly (within 2 sec) to .a rise in temperature; before this reached its maxi- 


_ mum of 36° C all the responses were effectively conducted: As a rule we found 
. that the frequency of stimulation could then be increased substantially before 


failures reappeared. By reducing the temperature towards the original level 
the fibre was made to fail again. Opposite effects were produced by reversing 
the temperature changes (Fig. 7B). Neveriueless, there was no simple pro- 
portionality between temperature and the rate of failing; the behaviour was 
apparently conditioned by the previous history: cooling had a greater depres- 
sing action after a warm spell, and vice versa. pete tos. 

Muscles kept.at a higher temperature tended to have many silent fibres 
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after a period of stimulation; it seemed that, although+fibres might maintain 
a greater rate of firing for a while at the higher temperature, early complete 
failure of conduction was also more likely. This idea was put to the test 
in vitro as follows: an intra-cellular electrode was inserted into as many end- 
plates as possible during a given period (5 min) and their activity was recorded ; 
this procedure was then repeated at different temperatures (9-41° C), with the 
same rate of stimulation (25 or 40/sec). The muscle was allowed to rest for 
10 min between successive trials. The proportion of end-plates which showed 
activity without any failure, intermittent activity, or no responses at all, was 
noted at each temperature. There was some variation between results obtained 


Fig. 7. Effect of changes in temperature on presynaptic failures in rat diaphragm im vitro. Upper 
trace of each pair records temperature in muscle bath measured with a thermistor; lower 
trace gives a continuous record of frequency (measured with a pulse counter) of potentials 
recorded intracellularly at an end-plate during repetitive supramaximal stimulation of 
phrenic nerve. In A, frequency of nerve stimulation was 16/sec; failures no longer occurred 
when temperature was raised to 36°C. B, frequency of nerve stimulation was 20/sec; there 
was complete meee below 20° C. 


at a given temperature on subsequent occasions, but certain differences between 
observations at the lower and higher temperatures were evident. At a high 
temperature fibres functioned more effectively to begin with, when stimulated 
at a high frequency, but then tended to fail completely; whereas at’a low 
temperature they could only conduct perfectly at a relatively low rate, but 
went on firing intermittently for a long nas if stimulated at-a high frequency. 


Cause of presynaptic failures 
It seemed likely that prolonged activity of the muscle had a deleterious effect 


“on nerve conduction: the terminal nerve branches run a considerable distance 
within the diaphragm and they are fully exposed to the effects of substances 
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released by active muscle fibres. The following were therefore considered 
| possible factors: lack of oxygen, lack of glucose, an excess of K+, and an excess 
of lactic acid, or of H* in general. Another cause of injury might be pulling 

or compression of intramuscular nerve branches due to contraction of the 
muscle, The part played by these various factors was examined in several 
experiments. We found that the rate of intermittent failure was very much 
influenced by the supply of O,, but nct at all sensitive to even quite substantial 
variation in the concentrations of glucose, K+, H+, lactic acid or Ca®+. For 
| instance, an increase of external K* had little depressing effect unless the con- 
centration was at least 4—5 times greater than normal (i.e. 20-25 mm), while 


Fig. 8. Presynaptic failures in rat diaphragm at 23° C caused by anoxia. Smooth upper trace in 
A indicates O, concentration (v/v) in muscle bath measured with O, electrode. Lower 
trace is proportional to frequency of responses recorded intracellularly from an end-plate 
during nerve stimulation at 20/sec; temporary break in continuous downward slope is 

ota calibration step marking zero level. B is a continuation of A. Anoxia was produced by flow 

| of a solution saturated with 100% N,. ieee ies 


| the glucose concentration could be varied from zero to 5 times the normal 

: _ level with no consistent effect (cf. Hajdu & McDowall, 1949). Tenfold changes in 
H* concentration produced little change, and excess lactic acid only depressed 
conduction markedly when the pH reached a level of about 3 (cf. Gerard, 

| 1932). The beneficial action of excess Ca?* described by Feng (1936) was not - 

evident in this kind of experiment. 


| Lack of oxygen . | 
In some experiments we had found that cessation of the O, supply led to 
presynaptic failure, the effect being easily reversed by restoring oxygen. 
However, these changes were rather slow: for instance, if the bubbling of 3 
oxygen in the bath was simply stopped, failures might begin only after some 
12 min during stimulation at 10/sec. Within another minute, there was com- — 
plete block; after resuming bubbling with oxygen, conduction of responses — 
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began in about 3 min, and there were no failures after another minute. The 
whole sequence of events could be repeated several times. The quickest way _ 
of reducing the oxygen tension was to allow ‘a rapid flow of Ringer-Locke _ : 
solution saturated with 100% nitrogen through the muscle bath. Under 
these conditions we found consistently a striking relationship between pre- __ 
synaptic failures and oxygen concentration. A characteristic result is shown 
in Fig. 8: initially, the solution circulating through the muscle chamber was 
saturated with 95% O, and 5% CO,, corresponding to an O, concentration of 
25-6 l./ml. whet the temperature (22° C) and barometric pressure (702 mm 
Hg) were taken into account; at this time the e-p.p.’s recorded from a muscle 
fibre were following stimulation of the phrenic nerve at 20/sec. The solution 
was then changed to one saturated with 100% N,. The O, electrode shows that 


Fig. 9. Effect of a slight increase in O, concentration on presynaptic failures in rat diaphragm 
at 23°C. Upper trace is proportional to O, concentration (v/v) in muscle bath measured 
with O, electrode. Lower trace shows frequency of responses recorded intracellularly from 
an end-plate during nerve stimulation at 10/sec. Between two arrows O, concentration slowly 
increased by about 10% of initial value. 


| 


if the O, tension at the intel of the muscle reached a low vals very ins to 
0 within 40 sec. The height of the lower record in Fig. 8 A and B is proportional 
q to the frequency of the e.p.p.’s. Presynaptic failures began about 25 sec after 
the start of the change in O, tension and became progressively more frequent. 
This continued for 20 sec after the rapid increase in O, tension which followed 
the return of solution rich in O,; a quick decrease in the incidence of failures 
was then observed and virtually the initial rate of firing was reached 40 sec 
later. Although the importance of 0, was shown most obviously and quickly 
by such large alterations in O, tension, even quite small changes in O, tension 
had a pronounced effect on fibres which were already failing intermittently. 
ct For instance, in Fig. 9, a slow 10% increase in O, tension (over 90 sec) was 
if enough to restore full conduction in a fibre a transmitting only about 
a one response out of five. 
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Presynaptic failure in paralysed muscles 
. When contractions were abolished or kept to a minimum by curare or 
excess Mg (15 mM), or because only one or two nerve fibres were activated, 
preparations im wétro or in situ required stimulation at a much higher frequency 


_ (100/sec or more) for several minutes before the onset of presynaptic block. 


When presynaptic failures occurred, they tended to come in long cycles and 
were no longer affected by changes of temperature in the bath. This was 
further evidence that under these conditions, i.e. following prolonged maximal 
stimulation at a high frequency, conduction block may occur in the nerve 
trunk. The fact that the usual peripheral type of block also takes place was 


Fig. 10. Effect of nerve polarization on presynaptic failures in rat diaphragm at 23°C. Upper 
trace of each pair records polarizing current passed through phrenic nerve, the distal (bath) 
electrode being anodic above and cathodic below. Lower traces show intracellular responses 
obtained from two different end-plates. Above, phrenic nerve was stimulated at 20/sec and 
complete failure of conduction had occurred; below, the nerve was stimulated at 12-5/sec. 


4 


proved by the observation that different members of a motor unit may trans- 
mit different numbers of impulses or one or more fibres may block completely, 
while others continue to respond intermittently. , 


Effect of presynaptic polarization on conduction block 
Since anodic polarization has been shown to.relieve anoxic block in nerves _ 
(Thérner, 1922a, 6; Lorente de Né, 1947a) we examined the effect of polariza- 
tion on presynaptic failures in four experiments in vitro. Anodic and cathodic = 
polarization of the distal part of the nerve had the expected beneficial-and | 
depressing actions on twenty-three out of thirty fibres, as is shown in Fig. 10. 
In the upper tracings.a fibre which had ceased to conduct began transmitting | 
impulses again under the influence of anodic polarization; at the peak of the 
action almost every impulse was transmitted. The opposite change is evident 
in the lower tracings, where cathodic polarization caused a complete, but 


= 
: 
x 
| 
t 
| 
20 | 
T 
J 
8 
} 
LS 


16 K. KRNJEVIC AND R. MILEDI 


reversible, block of conduction. The actual relation between the proportion 
of impulses transmitted and the polarizing current intensity, at a fixed rate 
of stimulation in two experiments, can be seen in the two graphs of Fig. 11. 
The distribution of points suggests that there is a fairly simple S-shaped 
relation between the two variables, such as may be expected in the presence 
of random variations in threshold and/or spike height — & Erlanger, 1933, 
1936; Miledi, 1957). 

The strength of polarizing current necessary for a given change in the rate 
_ of firing varied considerably for different end-plates of the same preparation, 
but there was no correlation between the distance of an end-plate from the 
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Fig. 11. Graphs showing relationship between amount of nerve polarization and frequency of 
_ end-plate responses in two experiments. The fixed rate of nerve stimulation was 25/sec in A, 
and 20/sec in B. Points recorded (©) while increasing current intensity ; (@) while reducing it. 


partition and the required strength of current, as would be expected if the 
polarization acted upon the nerve terminals at the end-plate; accordingly, 
even the strongest currents failed to alter in any way the spontaneous dis- 
charge of miniature e.p.p.’s (cf. del Castillo & Katz, 1954; Liley, 1956). 
Fibres apparently fail at different points along the nerve, but mostly at a 
comparatively short distance after entering the muscle. 


DISCUSSION 


In the course of unpublished experiments it had been observed that isolated 
mammalian phrenic nerve fibres, immersed in liquid paraffin, could be stimu- 
‘lated at frequencies of 12—50/sec for periods of several hours without the fibres 
ceasing to propagate impulses. This suggested that at these frequencies the 
failures reported here were essentially dependent on the conditions prevailing 
in the intramuscular portion of the nerves, in agreement with the observations 
that failures were affected by changes of temperature, or oxygen supply, or 

by adrenaline (Krnjevié & Miledi, 1958c) in the muscle bath. : 
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The refractory period of mammalian nerve lasts normally much less than 
10 msec (Gasser & Grundfest, 1936; Graham & Lorente de N6, 1938). This 


should be compatible with repetitive activity at a frequency of 100/sec or 


even greater. Therefore, it is perhaps surprising that failure of propagation 
should occur in nerves stimulated at frequencies lower than 100/sec. However, 
the intramuscular portion of the nerve is subjected to a more or less per- 
manent state of hypoxia during tetanic contractions (see below) and it is 


. known that the threshold and the refractory period of nerve fibres increase 


during anoxia (Heinbecker, 1929). Furthermore, several authors have demon- 
strated a prolongation of the refractory period as a result of tetanic stimula- 
tion (Heinbecker, 1929; Woronzow, 1935; Bugnard & Hill, 1935; von Briicke, 
Karly & Forbes, 1941; Brink, Bronk, Carlson & Connelly, 1952). The delay 
in the recovery of excitability is especially marked even after quite moderate 


__ tetani (20/sec for 30 sec) ; the subnormal excitability may last for many seconds 


(Gasser & Grundfest, 1936; Graham & Lorente de Né6, 1938; von Briicke et al. 
1941). 
Patterns of impulses 

During a long tetanus subnormality develops gradually, and a plateau 
may be reached which will not show any sharp variations of excitability. If 
the increase in threshold is sufficiently large and/or if the spike is sufficiently 
reduced, small random variations in membrane voltage (‘membrane noise’) | 
may determine whether further propagation is to occur or not (cf. Blair & 
Erlanger, 1933, 1936; Bullock & Turner, 1950; Miledi, 1957; in unpublished 
experiments A. J. Buller and K. Krnjevi¢ have ascertained that rat nerves 
often fire at random during low-frequency threshold stimulation). This might — 
well give rise to the random firing observed in vitro in all fibres during stimula- 
tion at frequencies less than 19/sec and in a diminishing number of fibres at 
higher frequencies, up to 44/sec (cf. Fig. 4). : 

The excess of groups at the higher frequencies of stimulation in vitro was 


- clearly related to the tendency of alternate impulses to fail (cf. Feng, 1941), 


presumably because of a prolongation of the refractory period. According to 
the data of Fig. 4, the refractory period must have had a maximum duration 
of about 50-60 msec. After a period of tetanic stimulation the duration of the 
refractory period may return to its normal value only after some 30-40 min 
(Woronzow, 1935; Bugnard & Hill, 1935; Brink et al. 1952). The progressive 
changes seen after the end of a 2-3 min tetanus at 64/sec correspond to the 
expected shortening of the refractory period. 


Cyclic patterns 
In vitro, cyclic patterns were mainly seen when failures occurred in the 
nerve trunk. A possible explanation is that cumulative and prolonged sub- 


normality may cause a complete block for a substantial period. When the 
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excitability returns towards normal a sequence of impulses may be conducted 
not only because subnormality is slow to develop, but perhaps also because of 
a temporary phase of supernormality (ef. Fig. 12 in Gasser & Grundfest, 1936). 
The reappearance of subnormality would complete the cycle by producing 
_ another prolonged block. This is a rather striking oscillatory example of the 
complex adaptive behaviour described as the nerve reaction by Lorente de Né 
(19476). A cyclic pattern has been seen during stimulation of frog nerve fibres 
with threshold intensity by Blair & Erlanger (1936). Woronzow (1935) also 
described it as a possible type of activity during repetitive ee oeretele but it is 
not clear whether he actually observed this ee 


Our results support the most likely explanation (cf. Gerard, 1930), i.e. 
that nerve fibres running within the muscle are depolarized and cease to 
conduct impulses as a direct consequence of more or less prolonged anoxia. 
There must inevitably be a deficiency of oxygen in a muscle soon after the 
onset of a maintained tetanus. Even at rest, the full thickness of the rat dia- 
phragm 7n vitro has an adequate supply of oxygen only under optimum con- 
ditions of stirring and external concentration (Creese, 1954; Creese, Scholes & — 
Whalen, 1958). The surface layers of fibres, from which most electrical records 
are obtained, are much less likely to suffer from anoxia, even during repetitive — 
activity (cf. Creese, Hashish & Scholes, 1958). However, the nerve runs within 
the depth of the muscle where anoxia is most acute. The nerve fibres are pro- 
tected from changes in their environment by the low permeability of their 
perineural sheath (Feng & Liu, 1949; Krnjevié, 1954); hence their relative — 
insensitivity to variations in external K, ete. ; but the sheath of course cannot 
protect from anoxia. 

Conditions in situ are somewhat different, but during a Galiieined con- — 
traction the flow of fresh blood into a muscle may well be inadequate, and a 
state of hypoxia is likely to develop rapidly. Presynaptic failure of nerve 
conduction might then occur and prevent further maintenance of the tetanus. 
Recent observations by Clarke, Hellon & Lind (1958) are consistent with the 
possibility that such a mechanism is at least partly responsible for limiting 
the duration of sustained contractions in the human forearm. 


— Mechanical injury by contractions 


We have varied the method of fixing the diaphragm in the chamber in 
several ways, and even left it completely free, but with no obvious change in _ 
the incidence of failures. Extensive cutting of the muscle to make the nerve — 
as loosely joined as possible at the critical point of entry alsohadlittleapparent 
effect. These observations, together with others made during paralysis suf- — 
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ficient to prevent the stronger contractions, suggest that mechanical injury 


_ probably does not play a major part in the causation of presynaptic block. 


Temperature changes 

Gerard (1930) has also found that anoxia causes a block of conduction in 
mammalian nerves more rapidly at higher than at lower temperatures. At oe 
high temperatures the 0, consumption of the nerve is much greater, the 
Qo being about 2-5 for rat peripheral nerve between 15 and 37° C (Cranefield, 
1952); furthermore, it is evident that irreplaceable substrates needed for the 
metabolism of the nerve will be consumed more rapidly at the higher meta- 
bolic rate. These changes are accelerated by repetitive stimulation (Cook & 
Gerard, 1931); they clearly account for the rapid occurrence and large 
proportion of complete failures seen at 37° C, and for the fact that the prepara- 
tions survived much longer at room temperature. 

On the other hand, variations of temperature have a somewhat different 
short-term effect on repetitive activity. A reduction of the temperature of 
nerve fibres is associated with smaller local responses and spikes, but higher 
thresholds (Miledi, 1957) and slower rates of recovery (Boycott, 1899; Tasaki, 
1949); this clearly leads to a lower safety factor for transmission, and reduces 
the maximum frequency at which impulses can be conducted. Lorente de N6 
(19476, p. 315) has stressed the similarity between the effects of anoxia and of 
cooling on the action potential. 

| Site of conduction failure 

It is clear that, so far as the experiments in vitro are concerned, the nerve — 


block in most cases occurs in the most peripheral part of the nerve, either in 
its intramuscular course, or very close to the muscle. This is shown by the 


great sensitivity of nerve failures to variations inside the muscle bath in such 


factors as the temperature, O, supply, nerve polarization, etc. We have also 
presented evidence that different muscle fibres belonging to the same motor 


‘unit may fail at unequal rates. These facts taken together are consistent with 


the suggestion (Krnjevié & Miledi, 1957, 19585) that the conduction block is 
most likely to occur at points of branching, where the safety factor of trans- 
mission is sharply reduced. 4 3 

However, the situation is somewhat complicated by evidence that a con- 
duction block may also occur at a site outside the muscle bath, presumably 
some distance away in the nerve trunk. This type of block is seen not un- 
commonly when the nerve is stimulated at a high frequency and for long | 
periods; it is often associated with a cyclic kind of discharge. ae 

Judging by the pattern of discharge, both types of block occurred in situ, 
although the cyclic type was seen relatively more often than on vitro. This is no 


doubt because high rates of stimulation had to be used in a greater a ga 
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of cases. Experimental conditions in situ did not allow us to determine the site 
of failure with any degree of accuracy, and it is only by drawing the analogy - 
with observations made in vitro that one may tentatively ascribe the cyclic — 
type of discharge predominantly to conduction block in the nerve trunk, 
at some distance from the muscle, and the other, intermittent type of — 
to conduction block i in the intramuscular portion of the nerve. 


SUMMARY 


1. Repetitive ities stimulation of rat muscle in vitro or in situ leatls to 
a presynaptic block of nerve conduction which may be intermittent or complete, 
but which is reversible if the stimulation is stopped or continued at a lower 
rate. | 
2. An analysis has been made of the temporal patterns of impulses seen 
under these conditions. In many cases failures of conduction occur in obvious 
patterns: e.g. they alternate more or less SEeery with apne or they come 
in long cycles. 

3. In most cases the firing Sods not niin clear patterns, and it is necessary 
to test the possibility that impulses and failures occurred in a random 
manner. This was done by counting the number of groups of events of the same 
kind in sequences of impulses and failures, and comparing them with numbers 
expected on the nul-hypothesis. It is found that ali sequences recorded in 
vitro at frequencies of stimulation < 19/sec are random, whereas all sequences 
at frequencies > 44/sec have an excess or a deficiency of groups. Sequences at 
intermediate frequencies sometimes are random, sometimes not. 

4. It seems that at frequencies of stimulation < 19/sec, random fluctua- 
tions of fibre threshold and/or spike height in the region of block are responsible 
for the observed intermittent conduction of impulses; at higher frequencies 
the part played by post-spike subnormality or supernormality becomes 
increasingly predominant. 

5. Presynaptic block in vitro is not at all sensitive to sabatontio! variations 
in the external concentrations of glucose, K+, Ca*+ or H+, but it is very sensi- 
tive to warming or cooling. At higher temperatures conduction is possible at 
a-greater frequency, but total block occurs early; at low temperatures only 
relatively low-frequency conduction can occur, but it may continue for a 
longer period. 

6. Presynaptic block is precipitated by anoxia 7m vitro. A fibre already 
failing intermittently responds quickly and reversibly to variations in O, 
supply. The block is relieved by anodic polarization, and aggravated by catho- 
dic polarization of the phrenic nerve at its entrance into the diaphragm. 

7. It is concluded that presynaptic block, commonly associated with inter- 


mittent firing, is probably caused sides anoxic phan in the intramuscular 
portion of the motor nerve. | 
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8. When the muscle is prevented from contracting, anoxia does not de- 
velop readily and conduction block is only seen after prolonged high-frequency 
stimulation ; it is then often associated with cyclic patterns of firing. Evidence 


is presented that failure of propagation may then occur in the nerve trunk, 
some distance from the muscle. 


We are very grateful to Mr G. J. Winsbury, Mr Arthur Chapman and Mr H.-C. Daynes for their 
great assistance in the construction of apparatus, the development and printing of photographic 
material, and the maintenance of electronic equipment, respectively. 
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SEASONAL VARIATIONS IN SERUM INORGANIC PHOSPHATE 
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Seasonal variation in the inorganic phosphate concentration of blood was 
first noted by Hess & Lundagen (1922) in children and by Havard & Reay 
(1925). in adults. Since the level of inorganic phosphate in the blood of infants 
could be raised by frequent exposure to ultra-violet light (Hess & Gutman, 
1921), it was concluded that the increase in the blood-phosphate level in 
summer and the decrease in winter were related to seasonal variations in the 
intensity of ultra-violet light. More recently de Rudder (1952) has suggested 
that this seasonal variation in the blood-phosphate level in infants is inti- 
mately connected with corresponding variations in rate of growth. 

The present work is an extension of the previous investigation of Yoshimura 
(1958) on climatic adaptation in water and salt metabolism, and concerns 
the seasonal variations in the blood levels of both inorganic phosphate and 
calcium. Effects of alterations in environmental temperature have in par- 
ticular been studied, since seasonal variations in temperature profoundly 
affect ‘physiological activity. Since phosphate and calcium metabolism are 
largely regulated by the parathyroid, seasonal variations in the activity of 
this gland have also been investigated. , | 


METHODS 


Experimental procedure for investigating seasonal effects. These experiments were carried out between 
February 1954 and January 1955 on four male adults aged from 26 to 33 years. The subjects 
stayed in the laboratory for 2 or 3 days towards the end of each month, except at the end of Febru- 
ary, May, August and October when they stayed for about 9 week. The food given in these 
experimental periods varied very little from month to month, and especially in the experiments 
of one-week duration, when the P and Ca intakes were kept strictly constant (2-44 and 0-76 g per 
day respectively). During these periods of constant ration, the urine was collected daily and 
inorgapic P and Ca determined by Gontori’s (1942) and Shohl & Pedley’s methods (1922) respec- 
tively’(see also Hawk, Oser & Summerson, 1951). Blood samples were collected in the morning, 


when the subjects were in a basal state, two or three times during each month. Serum inorganic 
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was determined according to the method of Gomori (1942) and total Ca by Clark & 
Collip’s method (1925) (see also Hawk et al. 1951). The specific gravity and the Na, Cl and K 
contents of the serum measured have been reported previously (Yoshimura, 1958). 

Procedure for investigating effects of heat. Two subjects who had been living in cold rooms during 
the winter were kept in a thermostatically controlled hot room at 30° C for about 3 weeks, except 
for school attendance for 8 hours each day. The food intake was kept constant, the daily P and 
_ Ca intakes being, respectively, 1-74 and 0-96 g. Blood was collected in the morning at intervals of 
2 or 3 days before and during their stay in the hot room. Uvine was collected every other day and 
analysed as described above. 

Determination of parathyroid activity. According to Crawford, Osborne, Talbot, Terry & Morrill 
(1950), the ratio of phosphate reabsorbed by renal tubules (T.R.P.) to that filtered through the 
glomerulus (G.¥F.P.) is very useful as an inverse index of parathyroid activity. This method has 
been used to compare the parathyroid activities of the same subjects in summer (August) and 
winter (February). To accentuate the seasonal changes in parathyroid activity phosphate was 
administered orally to fasting subjects and the change in 1T.R.P./c.¥.P. after this phosphate load 
was determined. The experiment was repeated twice in summer and in winter on the same sub- 
jects. To estimate c.r.P. the glomerular filtration rate (G.¥.R.) was determined by measuring 
the endogenous creatinine clearance, and this was then multiplied by the serum concentration of 
inorganic P. Bysubtracting the amount of inorganic P excreted per minute in the urine from G.F.P., 
the renal phosphate reabsorbed, i.e. T.2.P., was calculated. Creatinine was measured in serum and 
urine by Folin’s method {Hawk et al. 1951). Further details of these experiments are given in the 
Results section. 

RESULTS | 3 

Seasonal variations in serum inorganic phosphate and calcium 
The concentrations of serum inorganic P and total Ca in four subjects at 
monthly intervals are presented in Fig. 1. The mean atmospheric temperature 
during the last 10 days of each month is also shown. It is evident that the 
concentration of inorganic P in serum runs parallel with the atmospheric tem- 
perature, increasing in summer and decreasing in winter. Serum concentra- 
tions of Ca on the other hand are inversely related to seasonal variations in 
atmospheric temperature. The mean values in summer and winter are pre- 
sented in Table 1. 


The concentration of serum inorganic P shows a seasonal variation from the 
annual mean, of +27-6% in summer to —17-9% in winter, whereas the total 
Ca concentration shows a variation of from —3-1 to +3-5% from the mean. 
An inverse relationship between serum Ca and inorganic P has already been 
demonstrated by many authors; and Peters & Eiserson (1925) derived the 
following equation from clinical data to correlate this relationship between the 
concentrations of total Ca and inorganic P in serum (mg/100 ml.) and serum 
protein (g/100 ml.) (see Peters & Van Slyke, 1931). 


Ca = 0-255P + 0-556 Protein +a, 


where ‘a’ is a constant which equals 7, according to Peters & Eiserson (1925). 
When the present results for inorganic P and total Ca were applied to the 
above equation, the serum protein being calculated from serum specific | 
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gravity determined by the CuSO, method, the correlation was better when 
8-09 rather than 7 was used for the value of constant ‘a’. | 


Urinary outputs of inorganic phosphate and Ca are summarized in Table 2." 


Serum Ca (mm) 


O 
30 
2222236286 


Fig. 1. Seasonal variations in serum inorganic phosphate and calcium. Subjects: 
T.Y. A—A, J.K. @—@, MI. x—x, 8.0. O—O: 


TaBxe 1. Seasonal variations in serum calcium and inorganic phosphate 


concentrations 
Serum inorganic phosphate (mm) _ Serum calcium (mm) 
Whole year Summer - Winter - Whole year Summer Winter 
1-56 1-99 1-28 2-59 2-51 2-68 
+0-30 +0-13 +0-10 +0-09 


The values in summer and winter are, respectively, the mean values for June, July and August, 
and for December, January and February. 

Values are means +8.p. for nine subjects, four participating in the present investigation and ° 
five in previous experiments (Yoshimura, 1958). Differences between summer and winter are 
statistically significant at the 1% level. 
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Although no consistent seasonal variation could be found in phosphate excre- 
tion, Ca excretion in summer was significantly lower than in the other seasons. 
McCance & Widdowson (1943) found that the absorption of Ca from the gut and 
its excretion in the urine was greater in summer than in winter in England. In 
our work we did not measure the amounts of Ca absorbed, but the intake of Ca 
by our subjects was fairly constant throughout the year. The reduction in 
urinary Ca in August cannot, therefore, be explained by a decreased intake or 
absorption of Ca and must be due to increased, excretion elsewhere. As an 


TABLE 2. Mean urinary excretion of inorganic phosphate and calcium _ 
Subjects February May August — October Mean 


Inorganic phosphate excretion (m-moles/24 hr) 
M.I. 19-50 19-35 19-08 19-79 19-44 
21-53 20-46 15-70 19-85 19-39 
J.K. 20-11 18-88 17-98 20-50 19-37 
8.0. 17-62 17-20 18-53 18-88 18-06 
Mean 19-69 18-98 17-82 19-76 19-07 
1-40. 1-17 1-29 0-58 0-58 
Calcium excretion (m-moles/24 hr) 
4-84 A4y 4-37 4-39 4-52 
J.K. 5-14 417 4-04 4-77 4-53 
8.0. 4-69 , 4-34 4-22 462 4-47 
Mean 4-90 4-33 lg 4-64 4-51 
8.D. 0-16 0:11 0-12 0-16 0-02 


additional route of Ca output in the hot summer of Japan, sweating is prob- 
ably the most important. According to Kuno (1956), sweat contains 1-3- 
4-0 mg Ca/100 ml. and according to St John Lyburn (1956) 5-6 mg Ca/100 ml. 
Ca excretion in sweat may thus amount to 1 m-mole or more per day in sum- 
mer, which could account for the reduction in urinary output of Ca. 


Effect of heat on serum and urinary inorganic phosphate and calcium 
The effect of heat was examined by comparing the inorganic P and total 
Ca concentrations in serum and urine before and after residential change from 
a cold to a hot environment. The results for serum are presented in Fig. 2, and 
indicate that the concentration of inorganic P rises gradually after entering 
the hot room, while that of Ca falls slightly. Since the room was illuminated 
with an ordinary Mazuda lamp, which is somewhat deficient in ultra-violet 
intensity, the rise in serum’ phosphate cannot be attributed to increased 
ultra-violet light; but it may be due to a change in phosphate metabolism 
produced by heat adaptation. The change in total Ca concentration seems to 
be a secondary effect, since it appears later than the change in inorganic P. — 

Alterations in the urinary excretion of these two constituents are illustrated 
in Figs. 3 and 4. It is apparent from Fig. 3 that phosphate excretion decreases 
after entering the hot room. Calcium excretion (Fig. 4) did not change appre- 
ciably during the first two weeks in the hot room but later tended to increase. 
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Since Ca is ‘also excreted in the sweat, the total output in urine and sweat is 
probably significantly increased on exposure to heat. These changes in P and © 
Ca excretion cannot be attributed to altered salt intake, since the food intake 
was kept. constant throughout the experimental period. The reduction in 


Serum inorganic P (mm) 


Preliminary period Week1  Week2 | Week 3 


Preliminary period Week1  Week2 Week 3 


Room temp. (°C) 
By 


10+ 
Jan. 17 19 21 23 25 27 29 31Feb24 6 8 10 12 14 16 18 20 
Day of month 


Fig. 2. Effect of heat adaptation on serum inorganic phosphate and total calcium concentrations. 
The double vertical lines indicate when the subjects entered the hot room. Subjects: 
M.F. @—@, H.K. O--O. | 3 


155 


Jan. 1820 22 24 26 28 30 5 7 9 Ti 13 15 17 19 
Preliminary period Week 1 Week 2 Week 3 — 
Mean for M.F, 13:5 13:0 10-9 12-3. 
Mean for H.K. 13:3 12°4 124 
Fig. 3. Urinary excretion of inorganic phosphate. Subjects: M.F. @—®, H.K. O-- O. 
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phosphate excretion is presumed to be due to increased reabsorption of phos- 
phate by the kidney, which may be induced by some adaptative mechanism 
to heat, as suggested above. The change in calcium excretion lags somewhat 
behind that of phosphate and consequently may be a secondary effect of the 
increased level of phosphate in serum. 


* Seasonal changes in parathyroid activity 
The parathyroid activity of the same four subjects was examined both in 
summer and winter under the same phosphate load. The subjects were kept on 


a standard diet of low phosphate content-(0-225 g/day) for a preliminary period 
of 3 days in order to induce a constant level of phosphate metabolism. 


Cold 


Jan. 18 20 22 24 26 28 30Feb13 5 7 9 11 13 15.17 19 


3° 


Ca excretion 
(m-moles/24 hr) 


Preliminary period Week 1 Week 2 Week 3 
Mean for M.F. 4-88 5:03 5-49 
Mean for H.K. 5-08 4°99 437 5°59 


Fig. 4. Urinary excretion of calcium. Subjects: M.F. @—@, H.K. O--O. 


Beginning in the morning, each subject then drank a solution of phosphate 
(7mm-Na,HPO, and 4-5mm-NaH,PO,, pH 7) at half-hourly intervals for 
9-12 hr, at a rate of 0-03 m-moles phosphate/kg/30 min. During this experi- 
mental period the subject stayed in bed and both urine and blood were collected 
at hourly intervals. Calcium, inorganic phosphate and creatinine were deter- 
mined in urine and serum and from this the glomerular filtration rate, the 
rate of glomerular filtration of phosphate (G.F.P.) and the tubular reabsorption 
of phosphate (T.R.P.) were calculated as explained in the Methods section. 
Results from one subject are illustrated in Fig. 5. 

It is evident that the serum phosphate concentration before the phosphate 
load is higher in summer than in winter. It commences to rise immediately 
after phosphate administration and reaches a maximum level after several 
hours. The peak is attained earlier at a lower level in winter than in summer, 
indicating that the regulation of serum phosphate after phosphate loading 
is accomplished more effectively in winter. Serum calcium concentration 
decreases after administration of phosphate, but this is probably a secondary 
effect of increased phosphate. Urinary excretion of phosphate increases as 
glomerular filtration of phosphate is accelerated by the rise of serum phos- 
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Waddie of phosphate solution 
Summer 
a Winter 
1-0 
= >. Winter 
10° 
§ > a 
8 2 a a 
Pn 
4- 
3- 
1 
= 170- Winter 
g Summer 
as | 
_~100 
90 Summer 
< 80 
€ 70 Winter 
Hr 

Fig. 5. Phosphate metabolism after a phosphate load. Subject M.I. Starting at 0 hr, he drank a 
phosphate solution mixture (see text) at 30 min intervals, as indicated by the arrows, at a 
rate of 0-03 m-moles phosphate/kg/30 min. Histograms of rate of glomerular filtration of 
phosphate (q.¥.P.): these columns are divided into shaded areas representing the rate of 
urinary excretion of phosphate and unshaded areas representing the rate of tubular reabsorp- 
tion of phosphate (1.R.P.). The total height of each column represents the glomerular 
filtration rate of phosphate. 3 | 
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phate, and reaches a maximum value where the urinary excretion tends to 
balance the amount administered. This increase in urinary phosphate is 
effected by a reduction in the rate of reabsorption of phosphate by the kidney. 
Thus 1.z.P./¢.¥.P. declines gradually after phosphate administration and tends 
to reach a minimum value after 7-10 hr: According to Crawford et al. (1950), 
the value of 1.R.P./G.F.P. is an inverse index of parathyroid activity and is 
accentuated by phosphate loading. Since the parathyroid promotes the 
excretion of urinary phosphate by inhibiting tubular reabsorption, the serum 


TaBLE 3, Seasonal changes in serum inorganic phosphate and 


parathyroid activity 
Basal condition 
Plasma 
creatinine clearance 
Serum P (mm) (ml./min/m?*) T.R.P. (%) 
Subjects ‘Summer Winter Summer Winter Summer Winter 
M.I. 175 1-45 76-8 84-7 95-0 93-7 
1-66 1-41 95-2 92-3 
T.U. 1-76 1-47 63-5 69-4 92-2 90-6 
Mean 1-73 *1-42 72-4 93-9 92-7 
$.D. 0-07 0-03 53 1-3 1-4 
| After phosphate load 
Maximum serum P —_—_—s&Rate of decrease Minimum value 
(mM) ‘of (%/ hr) of T.R.P./G.F.P. (%) 
Subjects ‘Summer Winter Summer Winter "Summer Winter 

M.I 2-16 1-80 4:25 82-1 64-2 
yy 2-16 1-95 1-69 4-45 83-2 60-9 
2-21 1-92 1-69 5-53 80-4 61-5 
8.0. 224 1-85 1-94 3-94 77-2 62-6 
Mean 2-19 *1-88 1-74 *4-54 80-7 *62-3 
8.D 0-04 0-05 0-11 0-60 2-3 1-3 


* Difference between summer and winter is statistically significant at 1% level. 


phosphate level can be regulated within certain limits. It is clear from 
Fig. 5 that the fall in T.R.P./a.¥.P. after phosphate loading is more pronounced 
in winter than in summer, indicating that parathyroid activity is more 
sensitive to phosphate loading in winter. Results for the four subjects ex- 
amined for parathyroid activity are summarized in Table 3, where values of 
T.R.P./G.F.P. before and after phosphate loading are presented, together with 
the inorganic phosphate concentration of serum. The value of 1.R.P./G.¥.P. 
before phosphate loading shows a tendency to decrease more in winter than 
in summer, but this difference is not statistically significant. The values after 
phosphate loading, however, show marked seasonal changes and the decrease 


in T.R.P./G.F.P. is more rapid and its minimum level is lower in winter than 
in summer. 
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| DISCUSSION 


Seasonal variations in serum inorganic phosphate concentration have been 
attributed previously to an effect of ultra-violet light (Hess & Lundagen, 1922), 
Another important contributory factor is high environmental temperature in 
summer, as has been demonstrated in the present investigation, although the 
mechanism of this increase is at present unknown. However, the results of 
experiments carried out in a hot room suggest that some adaptative alteration 
in phosphate metabolism on exposure to heat initiates changes in the serum 
phosphate level. Since parathyroid activity undergoes a seasonal change and can 
control the level of serum phosphate by altering phosphate metabolism (Albright, 
Bauer, Ropes & Aub, 1929), alterations in parathyroid activity could be one of 
the most important factors producing seasonal variations in serum phosphate. 
Parathyroid hormone is known to promote the excretion of phosphate in 
urine and to reduce the level of serum inorganic phosphate. Since parathyroid 
. activity is higher in winter than in summer, serum inorganic phosphate tends 
_ to decrease in winter and to increase in summer. The results of our hot-room 
experiments support this view. The decrease in urinary phosphate excretion 
in the hot room may be due toa reduction in parathyroid activity accompanied 
by increased renal reabsorption of phosphate. This could account for the © 
observed gradual rise of the concentration of phosphate in serum. Since the 
maximum level of serum phosphate was not attained until about 3 weeks after 
entering the hot room, the equilibrium state could not be established in this 
experiment, as is seen in Fig. 2. The fact that the reduction in phosphate ex- 
cretion continued even after the end of the experimental period (Fig. 3) accords 
with this view. However, no consistent seasonal alteration could be found in 
phosphate excretion (Table 2). This can probably be attributed to the fact 
that the equilibrium state was already established in these experiments. 

A similar argument may be applied in the case of calcium. Since Ca excre- 
tion in urine is, however, influenced by sweating it may be lower after attain- 
ment of the equilibrium state in the hot environment than the control value. 
This was indeed found to be the case in summer (Table 2). 

The reason the parathyroid gland undergoes such a marked seasonal varia- 
tion is quite obscure. Since we have demonstrated a change in phosphate 
metabolism as a result of adaptation to heat, it is suggested that alterations in 
the activity of the parathyroid gland may also be produced by some tempera- 
ture-adaptive mechanism. _ | 
With respect to the physiological significance of the seasonal variations in 

serum phosphate concentration, little is known except that growth of bone 
also undergoes seasonal changes in childhood (de Rudder, 1952). Seasonal 
changes in blood phosphate might also be expected to affect carbohydrate 
metabolism and energy production. 
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Seasonal variations in serum calcium seem to be a secondary result of the 
inverse relationship with serum phosphate and in any case are very small. 
Changes in the volume of extracellular"idid might be partly responsible for 
_ these changes, since thid volume increases in summer and decreases in winter 
(Yoshimura, 1958). 
SUMMARY 


1. It has been demonstrated on human adult subjects that the serum 
inorganic phosphate concentration increases by 27-6%, in summer and 
decreases by 17-9% in winter from the annual mean value, whereas the total 
Ca concentration of serum presents small seasonal changes in the opposite 
direction. 

2. Experiments conducted in a hot room at 30° C have shown that adapta- 
tion to heat raises the level of serum inorganic phosphate under conditions 
where the effect of ultra-violet light can be excluded. To clarify this adaptative 
change, the activity of the parathyroid gland has been determined in the same 
subjects in summer and winter, by measuring the ratio of the tubular re- 
absorbed phogphate to the glomerular filtered phosphate (1.R.P./c.¥.P.) after 
a phosphate load. The results indicated that the activity of the gland is higher 
and more sensitive to phosphate loading in winter than in summer. 

3. It is suggested that the activity of the parathyroid gland undergoes 
seasonal variations by adapting to heat and cold and that this causes seasonal 
changes in serum inorganic phosphate. 

_. 4, Seasonal variations in the total Ca concentration of serum are considered 
to be secondary to various other changes. 


The authors wish to express their cordial thanks to Professor R. A. McCance for his kind criticism 
and help in preparing the manuscript. The technical assistance of Dr Tatuo Nagira is also grate- 
fully acknowledged. 
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FORMATION AND CATABOLISM OF HISTAMINE IN BRAIN 
: TISSUE IN VITRO | 


By T. WHITE 
From the Institute of Physiology, University of Lund, Sweden 


(Received 23 March 1959) - 


It is known that the brain tissue of' various mammals contains histamine 
(Kwiatkowski, 1943; Harris, Jacobsohn & Kahlson, 1952; Clouet, Gaitonde & 

Richter, 1957); and it has been reported that brain tissue from cattle or from 

_ rats is able to form histamine im vitro (Holtz & Westermann, 1956; Schayer, 
19564; Kahlson, Rosengren, Westling & White, 1958). 

The object of the present investigation was to determine the histamine- 
forming capacity of brain tissue in vitro by an isotope dilution technique which 
provides a sensitive method permitting the use of low, physiological concentra- 
tions of histidine. Other advantages of this method are that any histamine 
already present in the tissue to be investigated does not interfere, and that the 
technique also makes possible the measurement of various histamine deriva- 
tives. In the course of the experiments it became of interest to investigate the 
fate of the histamine that was formed. Part of this work has been — 
in abstract (White, 1958). 

METHODS 
Brain tissue from cats, dogs and pigs was used. A pig brain was obtained from a slaughter-house, 
where the animal had been killed by electrocution and bleeding. On the same occasion the pitui- 
tary glands and median eminences of five pigs were collected. The dogs were killed by Na pento- 
barbitone given intravenously. These animals were used for the experiments reported in Table 1. 

For the rest of the work cat tissue was used. The cats were of either sex and weighed 2-5- 
4-5 kg. They were killed by a blow on the neck and exsanguinated. The skull was opened, the 
brain removed and the pia mater and blood vessels on its surface stripped off. = 

A specimen of cat cerebral cortex plus some white matter in the gyri was obtained by cutting 
away the white matter to the level of cortex in the sulci; it is termed ‘cortex’. The ‘hypothalamic’ 
specimen was taken from an area extending between the optic chiasma and the mammillary bodies 
and 3 mm to each side of the mid line, including the mammillary bodies and the lowest part of 
the thalamus, but omitting optic chiasma and pituitary gland. The specimen of ‘area postrema’ 
was obtained by cutting out a triangular portion on the dorsal surface of the medulla oblongata 

by means of two incisions placed just outside the caudal border of the fourth ventricle and 
_ parallel to it, and a third, transverse, incision. The specimen includes the caudal part of the floor 
of the fourth ventricle. 

The time interval between the death of the. animal and the start of the incubation was about 
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1 hr. In some experiments the tissue was kept in beakers immersed in iced water during the 
preparation. The results of these experiments did not differ significantly from those in which the 
tissues were kept at room temperature. . 

The tissues were minced with scissors into pieces less than 1 mm in diameter. In each experiment 
the tissue was first minced, and portions were then taken for incubation. All incubations were 
performed in a total volume of 4 ml. The minced tissue was suspended in 0-1m sodium phosphate 
buffer of pH 7-4 (Gomori, 1955) containing glucose 0-2 g/100 ml., and was then incubated in 
beakers in a water-bath at 37°C. Unless otherwise stated the incubation time was 3 hr, and the 


gas phase nitrogen. Blanks were obtained by boiling the incubation mixture for 5 min before 


the addition of “C-histidine; all figures for histamine formation are given after subtraction of 
these blank values. | 

The method for extracting and measuring the amount of histamine formed from radioactive 
histidine was that developed by Schayer and others and described in detail by Kahlson et al. 
(1958). At the end of the incubation 66-4 mg of non-radioactive histamine dihydrochloride (as 
cartior) and 50 mg L-histidine monohydrochloride (as diluent) were added to each sample. Tri- 
chloroacetic acid was added to precipitate the protein. The filtrate was saturated with anhydrous 
Na,SO, and made alkaline with NaOH: it was then extracted twice with butanol and the combined 
butanol fractions were shaken with an alkaline histidine solution, saturated with anhydrous 
Na,SO,, after which the histidine solution was discarded. (This represents a minor modification 
of the method described by Kahlson e¢ al. (1958); in that, the filtrate was extracted three times 
with butanol, and the histidine solution was not saturated with Na,SO, and discarded, but was 
re-extracted with butanol.) The combined butanol fractions were extracted with HCl, and the 
aqueous phase evaporated to dryness. The residue, consisting mainly of histamine dihydrochloride, 
was dissolved in water, and picric acid in alcoholic solution was added. Histamine dipicrate 


_ crystals were prepared and isolated, and mounted on a plate and their radioactivity was deter- 


mined at infinite thickness in a gas flow-counter. For further purification the histamine, in the 
form of dihydrochloride, was made to react with p-iodob Iphonyl chloride, and the 
formed crystals of pipsyl histamine were isolated and examined in the counter in the same way 
as the histamine dipicrate. 


The extraction of methylhistamine is described by Rothschild & Schayer (1958). The principle 


of this method is based upon the finding that chloroform is an excellent solvent for the separation 


of methylhistamine from histamine. According to these authors, methylhistamine is almost 
wholly recovered from strongly alkaline aqueous solution, saturated with Na,SO,, by three 
chloroform extractions, whereas only 5-6% of !*C-histamine is extracted by this procedure. Thus 
chloroform extraction, followed by recrystallization of the picrate, eliminates significant contamina- 
tion with histamine. In the present experiments the incubation mixture, after addition of 71 mg 
non-radioactive methylhistamine as carrier, was treated as described for histamine determination, 


but extracted three times with chloroform instead of butanol. The combined chloroform fractions, 


after addition of HCl in alcoholic solution, were evaporated, the residue consisting mainly of 
methylhistamine dihydrochloride. Methylhistamine dipicrate was prepared and counted. 

The radioactive measurements were made under infinite-thickness conditions in a gas flow- 
counter. The crystals were deposited on plates of equal size, so that the exposed surface was equal 
for all samples. The crystal layer was made sufficiently thick for the radiation originating in its 
deeper levels to be completely absorbed in the sample and not detected. Under these conditions 
the observed count is proportional to the specific activity of the sample, i.e. to the ratio of radio- 
active to inactive molecules in it. Once the necessary standardizations have been performed, the 
radioactivity of any substance in the incubation mixture can be calculated from the known 
amount of inactive carrier added to it. The technique, as used here,-was standardized by sub- 
jecting a known amount of 4C-histamine to dilution with the standard amount of non-radioactive 
carrier and counting at infinite thickness in the form of dipicrate and pipsyl derivative. 

In the experiments in which one sample was analysed for several metabolites of histamine the 
following procedure was employed. After the incubation, the sample was acidified to pH ; with 
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HCl, homogenized and divided into portions. After the addition of the inert carriers the portions 
were treated as described for blood by Lindell & Schayer (1958). The following oneeaneen were 
studied: Methylhistamine (1-methyl-4(f-aminoethyl)-imidazole), methylimi acid 
(1-methyl-imidazole-4-acetic acid), and imidazoleacetic acid (imidazole-4(5)-acetic acid). 

The criterion of purity was constant radioactivity after repeated recrystallizations with 
different charcoal adsorbents. Three to six recrystallizations were needed to obtain constant 
radioactivity. After each recrystallization at least 1000 counts were taken of each sample. It is _- 
not claimed that the extraction procedures are absolutely specific for the respective substances. 

Substances. Two different preparations of “C-histidine, labelled in the 2-position in the imidazole 
ring, have been used. One was kindly provided by Dr Schayer and gave 9-8 x 10° counts/min/mg 
base at zero thickness measured inthe flow-counter. One microgram of “C-histamine, derived 
from this “C-histidine, after addition of carrier histamine and precipitation as dipicrate in the 
usual manner, gives 650 counts/min measured at infinite thickness in the flow-counter. This 
preparation of “C-histidine HCl was used for the experiments concerning histamine formation, 
except Expts. 4, 6, and 7 in Table 1 and the experiments on histamine binding. 

The other preparation of “C-histidine was purchased from the Radiochemical Centre, Amer- 
sham, Bucks, and had a higher specific radioactivity. It gave 5-4 x 10’ counte/min/mg base at 
_ zero thickness measured in the flow-counter, and lpg of “C-histamine derived from this “C- 
histidine, after addition of carrier histamine and precipitation as dipicrate in the usual manner, 
gives 3600 counts/min measured at infinite thickness in the flow-counter. This preparation of 
“C-histidine was used in the form of free base for Expts. 4, 6 and 7 in Table 1 and for the experi- 
ments concerning histamine binding and methylhistamine formation. 

“C-histamine labelled in the 2-position of the imidazole ring was purchased from the Radio- 
chemical Centre, Amersham, Bucks. It gave 4-2 x 10’ counts/min/mg base at zero thickness and_ . 
2000 counts/min/yg base measured in the form of the dipicrate at infinite thickness, measured in 
the flow-counter. All figures for added radioactive histamine and histidine refer to the base. 

Hydrazine sulphate (Merck, Darmstadt) and semi-carbazide HCl (British Drug Houses) were 
dissolved in buffer solution and added to the incubation mixture to give the final stated concentra- 
tion. Pyridoxal-5-phosphate (Roche Products Ltd.) was added to the buffer solution in a con- 
centration of 60 ug/ml. 


RESULTS 
Histamine formation 
From preliminary experiments it was evident that the amount of histamine 
formed was dependent upon the concentration of “C-histidine. Therefore in 
subsequent experiments, including those presented in Table 1, all incubations 
were carried out with 40 yg 'C-histidine/4 ml. incubation mixture. The cat’s 
brain contains 9 yg free histidine/g tissue (Tallan, Moore & Stein, 1954). 

As can be seen in Table 1, in which the results are expressed per gram of 
tissue, the highest rate of histamine formation was found in hypothalamic 
the ceca! cortex and the area postrema. In pooled tissue from five pigs the | 
histamine formation was virtually nil in the anterior pituitary, 12 ng/g in the ~ 
posterior pituitary, and 214 ng/g in the median eminence. In the medulla 
oblongata tissue from three cats it was 3-5 ng/g and in one cat pituitary, nil. 

It was found that small amounts of tissue with low histamine-forming 
capacity gave variable values. In these and subsequent experiments 2 g 
cortex has been used in most of the experiments; but the amounts of hypo- 
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thalamus had to be smaller, as each animal provides only about 0-7 g of this 
tissue. In one experiment portions of 0-25, 0-50, 1-00, and 2-00 g of cortex 
were incubated with 40yg 'C-histidine. In the first portion there was no 
detectable formation of !4C-histamine; the second portion gave 11 counts/min 
and the last two 17 and 15 counts/min respectively. In another similar experi- 
ment 0-25 g of cortex failed to form histamine, whereas 2-00 g gave 10 counts/ 
min. 

The time course of the C-histamine formation from “C-histidine has not 
been studied in detail. But in one experiment with portions of 2 g of cortex it 
was found that the “C-histamine formed after 1 hr gave 14 counts/min and 
after 3 hr, 32 counts/min (mean of duplicates). A similar time course has been 
described for histamine formation by free mast cells (Schayer, 19560). 


Taste 1. Histamine formed in 3 hr by brain tissue in N, from 40 ug “C-histidine 


(expressed as ng/g tissue) : 
Cortex Cerebellum Hypothalamus Area postrema 
Species. (2-00 g) (1-40-2-00 g) (0-25-0-75 g) (0-25 g) 

Cat 14 <3 191 ; — 
Cat ll <2 141* — 
Cat <2 134* 
Pist 6 2 333 

17 0 — 
Dog 10 355 50 
Dog 14 — 1116 23 


* Pooled tissue from 2 cats; ¢ pooled tissue from 5 pigs. 


The influence of oxygen on the reaction was studied by comparing the 
histamine formation in oxygen with that in nitrogen. The C-histamine formed 
in oxygen gave, with 0-20 g hypothalamus 102 counts/min and with 2-00 g 
cortex 75 counts/min; the corresponding figures for nitrogen were 130 and 

Benzene is reported to enhance the activity of histidiné decarboxylase from 
rabbit kidney and to inhibit strongly the enzymic action of histidine decar- 
boxylase obtained from rat stomach and from mast ¢ells (Waton, 1956a, b; 
Schayer, 1957; Rothschild & Schayer, 1958). In the present experiments the 
addition of one drop (approx. 20 mg) of benzene A.R. to the incubation mixture 
of cortex had no effect. | 

In three experiments pyridoxal-5-phosphate was added to the buffer 
solution in a concentration of 60 ug/ml. Pyridoxal-5-phosphate is a co-enzyme 
ot several amino acid decarboxylases, including histidine decarboxylase 
(Blaschko, 1957; Rothschild & Schayer, 1958). No difference was observed in 
the formation of 4C-histamine between samples of cortex and of hypothalamus 
incubated with and without pyridoxal-5-phosphate. 

Hydrazine and semicarbazide have been reported to be inhibitors of 
histidine decarboxylase (Waton, 1956a; Schayer & Kobayashi, 1956). Hista- 
mine formation was abolished in three experiments on three cats in which the 
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14C-histamine formation was measured with and without these inhibitors, 
using 2 g of cortex in each case. In the first experiment the histamine formed 
in the control gave 15 counts/min; with semicarbazide in a concentration of 
0-6 x 10-*m it was zero. In the second experiment the control yielded 10 counts/ 
min, but with 0-6 x 10-°m semicarbazide it was zero. In the third experiment, 
with 10-*m hydrazine, the counts were 9/min without and zero with the 
inhibitor, 

Histamine binding. In many tissues part of the newly formed histamine is 
firmly bound, so that it cannot be easily washed away. The amount of binding 
seems to vary from one tissue to another (Schayer, Davis & Smiley, 1955; 
Schayer, 19566; Kahlson, Rosengren & White, 1959). The present experiments 
show that, in brain, histamine is loosely bound. Thus, in one experiment on 
0-24 g hypothalamus, when the incubation with “C-histidine was stopped the 
sample was diluted with buffer solution to 8 ml. and centrifuged for 5 min at 
4000 rev/min. After decanting off the supernatant fluid, the tissue was washed 
and re-centrifuged twice. The sediment and combined supernatants were then 
analysed separately for ‘4C-histamine and a control sample was analysed for 
the 14C-histamine content of the total, uncentrifuged, incubation mixture. The 
results were: total, 240 counts/min; supernatant, 204 counts/min; sediment, 
63 counts/min. In a second similar experiment on 2-00 g cortex the results 
_ were: total, 93 counts/min; supernatant, 59 counts/min; sediment, 32 counts/ 
min. Thus in both experiments the greater part of the 4C-histamine formed 
was found in the supernatant fluid. | | 


| Histamine catabolism in brain tissue 

The figures for histamine fotmation given in the previous section should be 

_ regarded as minimum values, as it is possible that formation and destruction 
of histamine proceed simultaneously. To investigate this point brain tissue 
was incubated with added !4C-histamine under conditions identical with those 
of the histamine-formation experiments, and the metabolites of histamine were 
assayed by isotope dilution methods. It was found that under the conditions | 
of the experiment methylhistamine was the major metabolic product of 
histamine. As is shown in Table 2, the formation of methylhistamine did not 
appear to be oxygen-dependent, but the formation of methylimidazoleacetic 
acid was favoured by the presence of oxygen. Imidazoleacetic acid was not — 
formed in significant amounts. 


Formation of methylhistamine from histidine | 

In the previous sections it has been shown that histamine can be formed 
from labelled histidine in brain tissue and that methylhistamine can be formed 
from added histamine. There is therefore a possibility that part of the histamine 
formed from added labelled histidine is transformed into methylhistamine. 
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If so, it should be possible to demonstrate the presence of “C-methylhistamine 
after incubation of brain tissue with 'C-histidine. This deduction was tested 


in two experiments and the results are presented in Table 3. It will be seen 


that C-methylhistamine was in fact produced in substantial amounts. 
The steps in the transformation of histidine to methylhistamine were then 
examined in more detail by studying the action of semicarbazide upon this 


TaBLE 2. Histamine metabolism in cat brain tissue; 3 hr at 37°C; 2g “C-histamine added to 
each sample. The figures denote the percentage of added histamine recovered as histamine 
and metabolites 

Percentage recovered as 


4C.methyl- 
4C.methyl- imidazole- M4C.imidazole Total 
Gas phase Tissue ‘™“C-histamin histamine acetic acid acetic acid recovery 


32. 70 <1 0 103 
N, 31 71 <2 0 105 
0, C 23 66 13 <1 102 
O, C 14 60 1} oe 85 
N, H 74 20 ee 0 95 
N, H 73 19 <1 0 94 
0, H 82 20 5 0 106 
H 64 20 4 90 

* C, cortex 2-00 g; H, hypothalamus 0-25 g. je » 


TasiE 3. Formation of “C-methylhistamine and “C-histamine from 40 ug “C-histidine in 3 br 
at 37°C in N,; histamine and methylhistamine were determined on samples incubated 
separately. Expts. 1 and 5 were made on one cat, and Expts. 2, 3 and 4 on another 


MC.histamine “C-methylhistamine 


Expt. Tissue (ng) (ng) 
1 5 31 
2 C, 15 32 
3 0 14 
4 H 45 27 
5 H 79 25 


* (,, cortex 2-00 g; C,, cortex 0-25 g: H, hypothalamus 0-25 g. 


TaBLE 4. The influence of semicarbazide upon the formation in cat brain tissue of methylhistamine 
from histidine and histamine, and of histamine from hisitidine. Incubation 3 hr at 37° C 


in N. 
4C-methyl- 
Conen. of ™C-histamine ™C-histidine “C-histamine histamine 
semi-carbazide added added . formed __ formed 

Expt. Tissue (m) (ug) (ug) (ng) (ng) 
1 C* 0 1 844 
1 10-3 l 853 
1 H, 0 1 — — 262 
2 C 10-3 — 40 0 sa 
2 H, 0 _ 40 45 — 
2 H, 10-* — 40 0 — 
3 C 0 40 30 
3 C 10-3 40 14 
3 H, 10-% 40 6 


* C, cortex 2-00 g; H,, hypothalamus 0-20 g; H,, hypothalamus 0-25 g. 


f 
4 
3} 
‘ 
4 = 
i 
t 
0 4 
r 
i” 
; 
i 
n 
1s 
of 
4 
a ® 
»t 
q 
i 
4 
d 
d 


40 | T. WHITE 


reaction. Semicarbazide was added to the incubation mixture to a concentra- 
tion of 10-*m and the formation was followed of (a) methylhistamine from 
histamine, (b) histamine from histidine, and (c) methylhistamine from histidine. 
As is shown in Table 4, semicarbazide did not prevent the formation of methyl- — 
histamine from added histamine, but as in the experiments already described 
it did prevent the formation of histamine from added histidine, and also reduced 
substantially the formation of methylhistamine from added histidine. 


DISCUSSION 


In the discussions of the possible functions of 5-hydroxytryptamine and of the 
catechol amines in various parts of the brain, importance has been assigned to 
the similarities in distribution between the enzymes capable of forming them 
from amino acids, the substances themselves and the enzymes capable of 
metabolizing them (Brodie, Pletscher & Shore, 1955; Vogt, 1954; Bogdanski, 
Weissbach & Udenfriend, 1957). 

In the present study it has been found that the regions of the brain rich in 
histamine are also highly active in forming histamine. It would seem, however, 
that at least in the cerebral cortex and the hypothalamus the capacity to 
metabolize histamine does not parallel the capacity to form histamine. 

The significance of the formation of methylhistamine is not clear. Ring- 
methylation might be a means of inactivating histamine. Methylhistamine is 
practically inactive in; comparison with histamine on some biological test 
objects, such as the bronchi and isolated ileum of the guinea-pig and the cat’s 
blood pressure (Lee & Jones, 1949; Westling, 1957). It is of interest to note 
in this connexion that adrenaline and noradrenaline can be methylated on a 
hydroxyl group attached to the ring and that this reaction is catalysed by 
cerebral tissues among others (Axelrod, Witkop & LaBrosse, 1958). 

It is well known that there is a correlation between the histamine content 
and the number of mast cells in many tissues (Riley & West, 1953), and it has 
been shown by Schayer (1956) that free mast cells are able to decarboxylate 
histidine with ease. Yet mast cells are reported to be practically absent from 
brain (Riley, 1956). Therefore the differences observed in the capacity to form 
histamine cannot be due to differences in mast-cell content, and a more — 
_ specific action of neural tissue in forming histamine is indicated. The lack of 
correlation in general between histamine-binding power and mast-cell content — 
has been pointed out by Schayer (1956a). | 

Decarboxylation of histidine and formation of methylhistamine both occur 
during incubation of brain tissué with histidine. One possible pathway is: 
histidine + histamine > methylhistamine. Another is: histidine -- methylhis- 
tidine + methylhistamine. The experiments reported here would accord with 
either possibility. There is, however, no evidence in favour of the second 
pathway; and it is likely that at least part of the methylhistamine is formed 
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from histamine, because methylhistamine can easily be formed from added 
histamine, and because most of the newly formed histamine appears to be only 
loosely bound to the tissue particles and would thus act like added histamine. 
Both ring-N methylhistidines are excreted in the urine of man, cat, and rat, 
but cat brain contains little or none (Tabor, 1954; Tallan et al. 1954; Wolf, 
Wu & Heck, 1956). 

Formation of methylhistamine in brain tissue is largely independent of 
oxygen, in contrasi: to mouse liver where ring-methylation of histamine is 
known to require oxygen (Lindahl, 1958). 


SUMMARY 
1. Minced brain tissue from cat, pig, and dog was incubated with C- 
histidine and the *C-histamine formed was determined by an isotope dilution 
technique. The formation of histamine was greatest in the hypothalamus. 
2. The reaction was inkibited by semicarbazide and by hydrazine. It was 


_ not influenced by pyridoxal-5-phosphate or by benzene. 


3. When cat brain tissue was incubated with 14C-histamine the principal 
metabolite found was ™C-methylhistamine (1-methyl-4(8-aminoethyl)-imi- 
dazole), formed by ring-methylation. 

I am grateful to Dr R. W. Schayer, who during a stay at this Institute introduced me to his 


methods. The investigation was supported by a grant from the Medical Faculty, stevia of 
Lund, Sweden. 
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_ stomach usually initiated the process and this has been confirmed more 


- ‘Titchen, 1958; Kay, 1958). However, rumination does not occur under 
anaesthesia nor after decerebration. 


__ already been presented (Ash & Kay, 1957). | 
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STIMULATION AND INHIBITION OF RETICULUM CONTRAC- 
TIONS, RUMINATION AND PAROTID SECRETION FROM 
THE FORESTOMACH OF CONSCIOUS SHEEP 


By R. W. ASH anp R. N. B. KAY 
From the Rowett Research Institute, Bucksburn, Aberdeenshire 


Received 3 April 1959) 


In recent years there has been a renewed interest in the process of rumination, 
the essential features of which are the regurgitation of digesta, mastication and 
swallowing of the ré-chewed material. Associated with this chain of events is 
a change in the pattern of reticulum contractions and an increase in parotid 
secretion. The stimu.us to rumination under normal conditions is not known, 
but Schalk & Amadon (1928) found that mechanical stimulation of the fore- 


recently (Downie, 1954). Bell (1958) has suggested that rumination may be 
related to the concentration of circulating fatty acids, although there is no 
direct evidence for this hypothesis. | 

Reflex control over reticulo-rumen contractions and parotid secretion, 
through stimuli acting in the forestomach and oesophagus, has been studied in 
anaesthetized and decerebrate sheep, goats and calves (Clark & Weiss, 1952; 
Comline & Kay, 1955; Kay & Phillipson, 1957; Comline & Titchen, 1957; 


In the experiments reported in this paper mechanical and chemical stimuli 
have been applied to the forestomach and oesophagus of conscious sheep 
fitted with a large-diameter rumen cannula, and the areas have been defined 
which, when stimulated, cause rumination, changes in motility of the reticu- 
lum and salivary responses. A preliminary account of these experiments has 


\ 

) METHODS 
Surgical. Access to the interior of the reticulo-rumen was gained through a 9cm diameter 
cannula inserted into the dorsal sac of the rumen; the design of the cannula and the method of 
insertion have been described previously (Ash, 1957). Six Greyface and Cheviot sheep weighing 
50-70 kg were used for the operation and their experimental life ranged from 2 to 14 months. 
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At least 3 weeks elapsed between the operation and the first experiment. Recovery from the opera- 
tion was always good, although some loss of body weight occurred during the first three post- 
operative weeks; thereafter body weight was maintained. The daily diet consisted of 500 g 
dried grass or hay and 250 g cereals. Five to seven months after the insertion of the cannula, 
silver electrodes shielded in polythene (Dziuk & Sellers, 1955) were applied in a second operation 
either to the dorsal, the ventral or both trunks of the thoracic vagus nerve about 5 cm anterior to 
the diaphragm in three sheep. 

The day before an experiment one parotid duct was cannulated through its papilla. The can- 
nula consisted of a 20cm length of polythene tube, diameter 1-5 mm, bore 1-0 mm (Sterivac 
cannula, Allen & Hanbury), slightly dilated at the tip and moulded to a suitable shape in hot water. 
The sheep was anaesthetized with pentobarbitone sodium (Nembutal; Abbott Laboratories) 
injected intravenously and one parotid papilla was dilated with a probe. The cannula, stiffened 
with wire, was inserted into the parotid duct for about 4 cm so that its tip lay on the surface of the 
masseter muscle; the wire was then withdrawn. The free end of the cannula was threaded on a 
. needle and passed through the cheek about 1 cm anterior to the papilla. That part of the cannula 
lying on the surface of the cheek was glued to tufts of wool, and penicillin cream was applied to 
the cheek wound. In two experiments the submaxillary duct was similarly cannulated with 
polythene tube of 1-0 mm diameter, 0-5 mm bore, passed between two incisor teeth and through 
the lower lip. All sheep were given 1 1. of artificial saliva into the rumen after cannulation of the 
salivary ducts. The contents were removed from the reticulo-rumen on the morning of the experi- 
ment and the organ was washed clean with NaCl 0-9% (w/v); some experiments were performed — 
on sheep with normally filled rumina. 

Recording. Contractions of the reticulum and rumen were recorded on a kymograph with water 
manometers at 6-12 cm water pressure; these were connected to air-filled balloons inserted into 
the sacs of the forestomach. Movements of the rumen were also observed directly. The flow of 
parotid saliva was recorded with a Thorp drop-counter assembly. Submaxillary saliva was mea- 
sured by timing its rate of flow along a graduated tube. 

Stimulation. Both tactile and stretch stimuli were applied to the forestomach and oesophagus. 
Tactile stimulation consisted of stroking the epithelium with a papillated rubber thimble; this 
was done very lightly so as to reduce compression and stretch to a minimum. Where the stimu- 
lated area was visible little or no distortion of the epithelium was seen. Stretch was applied by 
inserting tubes of known diameter into the cardia or reticulo-omasal orifice, or by the inflation of a 
balloon in the oesophagus, in the reticulum, in the various compartments of the rumen or against 
the reticulo-rumen fold. The tension produced varied considerably, especially during the con- 
tractions of the forestomach and the orifices; such stimuli also compressed the epithelium. — 
Slight friction occurred when the animal moved, in spite of the balloons being held as still as 
possible. A mixed stimulus was applied deliberately on some occasions by gently squeezing the 
epithelium and musculature between finger and thumb. 

Experiments in which buffered solutions were introduced into the rumen were conducted on 
sheep fitted with two 2 cm diameter cannulae inserted into the dorsal rumen sac (Ash, 1959). 
Between testing the effects of different solutions the forestomach was PONE drained by 
- suction and rinsed’with NaCl 0-9% (w/v). 


| RESULTS 

_ Observations on the interior of the forestomach 
After emptying the forestomach of sheep fitted with large cannulae it was 
possible to illuminate the interior of the rumen and observe its activity 
directly. With the exception of the left wall of the rumen and the most 
posterior parts of the dorsal and ventral blind sacs the whole of the interior 
of the rumen was visible (Fig. 1). When swallowing took place, the cardia, 
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normally slit-like, opened and the smooth pink epithelium of the oesophagus 
_ could be seen. Food boli and swallowed saliva were ejected rapidly from the 
oesophagus into the rumen and immediately afterwards the lining of the 
terminal oesophagus was protruded and appeared briefly as a pink rosette. 

Localized muscular activity. Frequent contractions of small areas of the 
rumen wall could usually be seen in the region of the cardia; these were in 
addition to a more or less continuous pulsating movement of the cardia 
‘itself. Brief contractions of short lengths of the anterior and longitudinal 
pillars occurred in between the major contractions of the pillars; this activity 
increased during feeding. Throughout a feeding period the anterior pillar 
was usually in a state of partial contraction. On some occasions stimulation 
of the pillars caused an increase in local activity and the epithelium became 
flushed. 

Usually the reticulo-omasal orifice was tightly closed but it was possible to 
_ insert a finger through it. Tension round the finger increased with both phases 
of each of the reticulum contractions and during the contractions of the re- 
_ticulo-rumen fold and of the anterior pillar. When a finger was passed along 

the omasal sulcus it was possible to feel the vela omasi and the smooth mucosa 
of the abomasum. 
Observations on rumination : 
_ The introduction of the recording balloon into the reticulum and some of the 
manipulations made during the examination of the interior of the forestomach 
often caused rumination. When the fore-stomach contained digesta the sheep 
extended its head, a single contraction of the reticulum occurred and about the 
same time there was a contraction of the abdominal muscles-and digesta 
were regurgitated. The regurgitated material could be seen passing up the 
oesophagus on the left side of the animal’s neck and this was associated with 
an appreciable increase in parotid flow. A typical biphasic contraction of the 
reticulum followed 2-3 sec after the monophasic contraction associated with 
regurgitation. When a recording balloon was in the reticulum a further 
increase in parotid flow was often recorded during the declining phase of 
the biphasic reticulum contraction; without a recording balloon the second 
increase was slight or absent. Parotid secretion gradually declined during 
- mastication of the bolus, to reach its lowest rate just before the bolus was 
swallowed. Variation in the strength of the contractions and in the duration 
of each phase was observed but the sequence of events was always the same. 
Stretching the reticulo-omasal orifice frequently caused a very powerful 
regurgitation. It appeared as if the regurgitated material was projected too 

far forward in the mouth, for instead of chewing the sheep shook the material 
from its mouth. 

In those sheep whose rumina had been emptied, attempted rumination 
occurred. As in the normal animal, the head was extended and a contraction 
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of the reticulum and abdominal muscles followed; usually a small amount — 


of fluid was regurgitated. One or two chewing movements were made before 
swallowing. Again parotid secretion was slightly increased during regurgita- 
tion and during the declining phase of the biphasic reticulum contraction 
when a recording balloon was in the reticulum ; without the balloon these effects 
were slight or wholly absent. In the empty preparation a series of mono- 
phasic contractions of the reticulum sometimes occurred at intervals of 
5-20 sec, without each one being followed by a biphasic reticulum contraction. 
These were accompanied by other manifestations of attempted regurgitation. 

Toward the end of a period of rumination the time between each cycle and 
the next gradually increased. The interval between the last rumination cycle 
and the first biphasic reticulum contraction was always 10-20 sec longer than 
the interval between succeeding biphasic contractions. A frequent observa- 
tion was that 30-60 sec before the onset i rumination the rate of parotid 

secretion began to increase. 


Mechanical stimulation of the aE and forestomach 


The forestomach of the sheep is shown diagrammatically in Fig. 1. The 
incidence of rumination and the changes in parotid secretion and reticulum 
motility caused by local stimulation of the oesophagus and forestomach are 
summarized in Table 1. 


Dorsal sac 
Cardia 


Oesophageal 
Oecesophagus groove 
hin 
Longitudinal —_Posterio 
pillar pillar 


Ventral sac 


Fig. 1. Diagram of the reticulo-rumen of the sheep showing the position of 
structures referred to in the text. 


Parts of the forestomach and the thoracic oesophagus were very sensitive 
to mechanical stimulation. The sensitivity of the rumen was localized to 
specific structures. These were chiefly the cardia, the oesophageal groove, the 
reticulo-omasal orifice, the reticulum, the reticulo-rumen fold and the anterior 
and longitudinal pillars of the rumen. Stroking or rubbing a wide area of the 
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epithelium of the ventral or dorsal sacs of the rumen affected neither parotid 
secretion nor reticulum contractions. A gradient of decreasing sensitivity 
radiated caudally from the cardia and reticulum. : : 
Qualitatively different responses were obtained from different areas. For 
example, stretching the terminal 10cm of the oesophagus or the cardiac 
orifice caused an appreciable increase in parotid flow but had variable effects 
on the reticulum and seldom caused rumination; the increased parotid flow 


Tase 1. Changes in parotid secretion and reticulum motility caused by mechanical stimulation 


of the forestomach 
No. of trials in which 
Rumination 

or attempted 7 
arotid secretion cy Frequency rumination JF 

i increased* (max. of of occurred 

: rate of secretion reticulum reticulum during or 

Total no. 


in brackets contractions contractions after the 
increased 


Region Stimulus of trials ml./min) in stimulus 
lower Stretch (condom ll 11 (2-7) 6 5 3 
10 cm 1-5-2-0 cm diam.) 
= Cardiac orifice Gentle stroking 13 13 (2-5) 3 0 6 
Cardia and ter Stretch (tube 35 35 (2-7) 12 9 5 
minal oesop 1-9-2-5cmdiam.) 
Reticul Gentle i ay : Rae 7 (1-5) 9 0 8 
Reticulo-omasal Stretch (1-4-— 25 22 (1-7) | 19 3 10 
orifice 1-6 cm) 
Walls of reticulum Gentle stroking 29 23 (1-5) 21 0 14 
_§ Reticulo-rumen Gentle stroking 13 10 (1-4) 8 1 9 
fold and oesopha- 3 
groove 
Reticulo-rumen Stretch (balloon, 7 7 (1-4) 4 3 2 
fe 0-45-0-65 1.) 
Anterior pillar of | Gentle stroking 22 13 (1-5) ll 5 13 
4 Tumen 
Longitudinal pillar Gentle stroking 7 4 (1-3) 3 ... 5 
of ramen ‘ | 
_§ Posterior pillar of Gentle stroking 16 5 (1-3) l 1 3 
Pillars and dorsal Stretch (ballooh, 8 0 1 6 0 
or ventral sacs or 1-02-21.) 
blind sacs of | 
rumen 


* When sheep were neither ruminating or being stimulated, parotid saliva flowed at rates of 0-2-2-3 ml./min, 


showed little or no adaptation during the application of the stimulus. On the 
other hand tactile stimulation of the anterior wall of the reticulum usually 
increased the frequency of the reticulum contractions but seldom caused any 
appreciable increase in parotid flow unless rumination occurred. These 
responses are shown in Figs. 2 and 3. | 
Qualitatively different responses could also be obtained by the application 
of different stimuli to the same area. For example, stretching the reticulo- 
rumen fold or the reticulo-omasal orifice usually increased both the parotid 


j / 
a 
4 
4 7 


46 R. W. ASH AND R. N. B. KAY 


of the reticulum and abdominal muscles followed; usually a small amount 
of fluid was regurgitated. One or two chewing movements were made before 
swallowing. Again parotid secretion was slightly increased during regurgita- 


tion and during the declining phase of the biphasic reticulum contraction 


when a recording balloon was in the reticulum; without the balloon these effects 
were slight or wholly absent. In the empty preparation a series of mono- 
phasic contractions of the reticulum sometimes occurred at intervals of 
5-20 sec, without each one being followed by a biphasic reticulum contraction. 
These were accompanied by other manifestations of attempted regurgitation. 

Toward the end of a period of rumination the time between each cycle and 
the next gradually increased. The interval between the last rumination cycle 
and the first biphasic reticulum contraction was always 10-20 sec longer than 
_ the interval between succeeding biphasic contractions. A frequent observa- 
tion was that 30-60 sec before the onset of rumination the rate of parotid 
secretion began to increase. 


| Mechanical stimulation of the oesophagus and forestomach* 
The forestomach of the sheep is shown diagrammatically in Fig. 1. The 
incidence of rumination and the changes in parotid secretion and reticulum 


motility caused by local stimulation of the — and forestomach are 


summarized in Table 1. 
Dorsal sac 
Cardia 
Oesophageal 
groove 
fortes 


Fig. 1. Diagram of the reticulo-rumen of the sheep showing the position of 
structures referred to in the text. 


Parts of the forestomach and the thoracic oesophagus were very sensitive 
to mechanical stimulation. The sensitivity of the rumen was localized to 
specific structures. These were chiefly the cardia, the oesophageal groove, the 
reticulo-omasal orifice, the reticulum, the reticulo-rumen fold and the anterior 


and longitudinal pillars of the rumen. Stroking or rubbing a wide area of the © 
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epithelium of the ventral or dorsal sacs of the rumen affected neither parotid 
secretion nor reticulum contractions. A gradient of decreasing re 
radiated caudally from the cardia and reticulum. 

Qualitatively different responses were obtained from differcnt areas. For 
example, stretching the terminal 10cm of the oesophagus or the cardiac 
orifice caused an appreciable increase in parotid flow but had variable effects 
on the reticulum and seldom caused rumination; the increased parotid flow 


TaBLE 1. Changes in parotid secretion and reticulum motility caused by mechanical stimulation 
of the forestomach 
No. of trials in which 


Rumination 

or attempted 

Parotid secretion Frequency Frequency rumination 
of occ 


increased* (max. 


rate of secretion reticulum reticulum during or 
: Total no. in brackets contractions contractions after the 
Region Stimulus of trials ml./min) increased decreased stimulus 


Oesophagus, lower Stretch (condom 11 11 (2-7) 6 5 3 
10cm 1-5—2-0 cm diam.) 
Cardiac orifice Gentle stroking 13 13. (2-5) 3 0 6 
Cardia and ter Stretch (tube 35 35 (2-7) 12 9 5 
minal oeso 1-9-2-5 cm diam.) 
— ) Gentle stroking 11 7 (1-5) 9 0 8 
orifice 
Reticulo-omasal § Stretch (1-4— 25 22 (1-7) 19 3 10 
orifice 1-6 cm) 
Walls of reticulum Gentle stroking 29 23 (1-5) 21 0 14 
Reticulo-rumen Gentle stroking 13 10 (1-4) 8 1 9 
fold and oesopha- 
ve 
Reticulo-rumen Stretch (balloon, 7 7 (1-4) 4 3 2 
fold 0-45-0-65 1.) 
Anterior pillar of | Gentle stroking 22 . 13 (1-5) 11 5 13 
Longitudinal pillar Gentle stroking 1 4 (1-3) 3 : 5 
of rumen 7 
Posterior pillar of Gentle stroking 16 5 (1-3) 1 
Pillars and dorsal Stretch (balloon, 8 0 oe 6 0 
or ventral sacs or 10-78 1.) 
blind sacs of 
rumen 


* When sheep were neither Pandiatiog or being stimulated, yes saliva flowed at rates of 0-2-2-3 ml./min. 


showed little or no adaptation during the sulbetion of the stimulus. On the - 


other hand tactile stimulation of the anterior wall of the reticulum usually 
increased the frequency of the reticulum contractions but seldom caused any 


appreciable increase in parotid flow unless rumination occurred. These 


responses are shown in Figs. 2 and 3. 
Qualitatively different responses could also be obtained by the application 


of different stimuli to the same area. For example, stretching the reticulo- 
rumen fold or the reticulo-omasal orifice usually increased both the parotid © 
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b 


Fig. 2. Stimulation of the anterior wall of the reticulum and cardia. Rumen empty. Records 
. from above downwards: parotid saliva flow, reticulum, signal, time marker. a: Tactile 
stimulation of anterior wall of the reticulum; the three signals following this period of stimu- 
lation mark attempts at rumination. 6: Tube 1-9 cm diameter inserted through cardia for a 
distance of 6 cm. 


Fig. 3. Tactile stimulation of the anterior wall of the reticulum. Rumen empty. Records 
from above downwards: reticulum, signal, time marker. 
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flow and the frequency of reticulum contractions; less often rumination was 
observed (Table 1). Tactile stimulation of these structures and the epithelium 
immediately around them more frequently caused rumination and had a less 
pronounced effect on parotid secretion. Figures 4 and 5 show the responses to 
stimulation of the reticulo-omasal orifice and the reticulo-rumen fold. Ex- 
amples of the responses that were obtained from tactile stimulation of the 


_ pillars of the rumen are shown in Fig, 6. 


Fig. 4. Stimulation of the reticulo-omasal orifice; rumen empty. Record from above downwards: 
parotid saliva flow, reticulum, signal, time marker. a: Tactile stimulation of rim of orifice, 
followed by two attempts at rumination. b: Tube 1-5 cm diameter inserted through orifice, 


followed by three attempts at rumination. 


The rumination that resulted from stimulation of the forestomach in the 
emptied preparation differed from rumination occurring spontaneously in 
normal sheep in that the intervals between regurgitation were reduced. 
Most of the stretch stimuli caused various signs of discomfort, such as grinding 
the teeth, arching of the back, agitated movements of the head, and occasion- 
ally stamping of the feet. Some stimuli that elicited this behaviour, such as 


distension of the compartments of the rumen, inhibited rumination, normal 
4 | PHYSIO. OXLIX 


3 
4 
“WAY re 
j 
¥ 
4 
, 
vg 
Ag 
¥ 
¥ 
4 
x 
3 
* Sar, 
‘ 
¢ 
4 
{ 
‘ 
4 
ay 
4 
in 
> 
- 


50 | R. W. ASH AND R. N. B. KAY 


— 


Fig. 5. Stimulation of reticulo-rumen fold; rumen empty. Records from above downwards: 
parotid saliva flow, reticulum, signal, time marker. a: Tactile stimulation; attempts at 
rumination began after 1 min and continued after stimulation stopped. 5: Stretch of reticulo- 
rumen fold by inflation of a balloon over the fold to 500 ml. Rumination was inhibited 
immediately and started again 2-5 min after the end of stimulation. 


c 


Fig. 6. Tactile stimulation of the pillars of the rumen; rumen empty. Records from above down- 
wards: parotid saliva flow, reticulum, signal, time marker. a: Right longitudinal pillar; 
attempts at rumination began after 45 sec. 6: Free edge of posterior pillar. c: Free edge of 
anterior pillar; attempts at rumination began after 90 sec. The correlation between parotid 

flow and reticulum contractions (see text) can be seen toward the end of the record. 
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reticulum contractions and parotid secretion (Fig. 7) but others, such as 
stretching the oesophagus, the cardia, the reticulo-omasal orifice or the reticulo- 
rumen fold, were always excitatory to the parotid gland and occasionally to — 
the reticulum. Squeezing the epithelium and musculature of the anterior 
pillar and twisting the rumen cannula were usually inhibitory to both the 
parotid gland and the reticulum; alternatively, gentle squeezing of muscu- 
lature of the reticulum caused a response similar to that produced by tactile 
stimulation. | 


Fig. 7. The inhibitory effect of inflating balloons in the rumen; rumen empty. Records from above 
downwards: parotid saliva flow, reticulum, signal, time marker; the two records were taken 
on different days from the same sheep. a: Inflation of a balloon (2000 ml.) in the posterior 
ventral blind sac; rumination was inhibited immediately and began 2-5 min after the 
balloon was deflated. 6b: Inflation of a balloon in the dorsal blind sac to 1100 ml. ; rumination 
was inhibited immediately and did not restart. 


The flow of submaxillary saliva was recorded in two experiments. Sub- 
maxillary secretion was affected relatively little by rumination or by stimula- 
tion of the forestomach, although distension of the cardia and oesophagus 
caused a moderate response (Table 2). , | 

Some of the responses studied varied quantitatively and qualitatively both 
between sheep and in the same sheep on different days. Tactile stimulation 
of the anterior pillar usually caused prolonged rumination but in one sheep 
this stimulation caused little or no rumination and occasionally inhibition. 


Towards the end of an experiment lasting about 6 hr all the sheep showed 
43 


° 
7 
4 & 
; 
5 
a 
hg 
\4 
* 
rig 
iy. 
if 


52 R. W. ASH AND R. N. B. KAY 


diminished or even inhibitory responses to most tactile stimuli. However, 
_ stretching the oesophagus, the cardia, the reticulo-omasal orifice or the re- 
ticulo-rumen fold invariably caused a powerful parotid salivary response. 

It was unlikely that the variability observed between sheep or between 
experiments on the same sheep was due to the administration of anaesthetic 
the previous day. In one experiment pentobarbitone 3-6 mg/kg was injected 
intravenously and this caused the sheep to become drowsy and unsteady on its 
feet. Tactile stimulation of the anterior pillar still caused rumination, al- 
though the frequency of both normal diphasic and rumination cycles was 
decreased. 


‘TABLE 2. Responses of the submaxillary and parotid glands to various stimuli in 
two sheep 
Rate of flow (ml./min) 


Sheep no. 3 a Sheep no. 6 
Stimulus Submaxillary Parotid Submaxillary 
None 0-01-0-06 0-3-1-3 0-001-0-05 0-6-1-3 
Tactile, anterior 0-08 2-0 0-01 3-1 
wall of reticulum | 
Stretch, reticulo- 0-18 54 0-04 1-9 
omasal orifice 1-5 cm 
Stretch, cardia 1-9 cm 0-43 5-3 0-45 5-1 
Eating chopped hay 1-00 — 2-00 5-5 
or dried grass 
Local anaesthesva of the forestomach 


When 15-20 ml. of amethocaine HCl 1% (w/v) was injected into the ter- 
minal oesophagus or into the lumen of the reticulum the contractions of the 
reticulum stopped, although regular contractions of the rumen continued 
(Fig. 8). It appeared that the anaesthetic was affecting the receptors of the 
reticulum or cardia or the sensory nerves leaving these regions, for in further 
experiments the parotid response to stimulation of the cardia was greatly 


reduced. Efferent nerves to the parotid gland were unaffected, for a normal 


parotid response to feeding was obtained. In addition, the motor fibres to 
the reticulum or the reticulum muscle itself were also blocked by the anaes- 
thetic, for stimulation of the thoracic vagus nerves with chronically implanted 


electrodes failed to cause the reticulum to contract, although the normal | 


rumen contraction was elicited. The contractions of the rumen which persisted 
after anaesthetizing the reticulum were more regular than those which Phillip- 


son (1939) found when the reticulum was inhibited by distending the abo- 


masum. Clearly neither contractions of the muscle of the reticulum, nor the 


afferent vagal impulses which accompany such contractions (Iggo, 1956), are 


necessary for the occurrence of cyclic activity of the rumen. 
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Fig. 8. The effect of injecting amethocaine HCl 15 ml. 1 % (w/v) into the lumen of the reticulum; 
rumen empty. Records from above downwards: reticulum, dorsal blind sac of the rumen, 
signal, time marker. The largest excursions of the rumen record were caused by contractions 
of the dorsal blind sac alone and their frequency was irregular; the smaller excursions were 
caused by contractions of the whole of the dorsal sac (including the blind sac) and these 
were followed in some cases by still smaller contractions of the ventral sac; the contractions 
of the whole of the dorsal sac occurred regularly and at the same frequency as the 
reticulum contractions. 


Stimulation of the forestomach with fatty acids — 
The introduction into the rumen of fatty acid solutions at pH 3-6-5-0 
inhibits the contractions of the forestomach in conscious sheep (Ash, 1959), 


in decerebrate sheep (Kay, 1958). In seven further experiments on conscious 
sheep both parotid secretion and reticulum contractions were recorded. 

Two to four litres of fatty acid solutions at 37° C were introduced into the 
rumen. The solutions tested were 50, 100, 167 and 200 mm acetate, 20, 50 and 
150 mm butyrate, 143 mm acetate+57 mm butyrate, and 25 mM acetate + 
15 mm propionate +10mmM butyrate. The 20, 50 and 100 mm solutions were 
made approximately isotonic by the addition of NaCl. When buffered at 
pH 5-5-5-9 none of the solutions had a greater excitatory or inhibitory effect 
on the reticulum or parotid gland than the same volume of 0-:9% NaCl 
solution except for the 150 mm butyrate solution, which inhibited the reticu- 
lum for 10 min. 

- When buffered at pH 3-7-4-0 all these solutions with the exception of the 
20 mm butyrate and the 50 mm acetate either totally inhibited the reticulum 
contractions or greatly reduced their amplitude. The inhibition lasted 10- 
20 min in the case of the 50 mm solution or until the solution was removed 
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30-90 min later in the case of the stronger solution. Parotid secretion in- 
creased with all the solutions at pH 3-7-4-0. The increase in flow began 
15-60 sec after starting to pour the solution into the rumen and the response 
ceased after 2-15 min. The rate of secretion at the peak of the response was 
2-6 times greater than the initial flow. These responses are shown in Fig. 9. 
The volume of the additional parotid saliva secreted by one aga as a result 
of pouring acid solution into the rumen was 1-18 ml. aa 


s 


Fig. 9. The effect of introducing into the empty rumen 41. of fatty acid buffer (mm): acetate 25, 
propionate 15, butyrate 10, pH 3-7. Records from above downwards: parotid saliva flow, 
reticulum, signal, time marker. Four samples were drawn from the rumen at the signals S 
and had pH values of 3-9, 4-0, 4-1 and 4-2 respectively. 


DISCUSSION 


The areas of the forestomach sensitive to mechanical stimulation correspond 
to those areas in which Hill (1957, 1958) was able to demonstrate nervous 


_ structures that stain with methylene blue and which penetrate into the 


epithelium. A striking feature of the present experiments was the ease with 
which tactile stimulation, and apparently in some cases stretch, of certain 
parts of the forestomach caused rumination. In spite of the diverse opinions 
expressed on the factors causing rumination under normal feeding conditions 


i 
* 
% 
+ 
‘ 
x 
BS 
a 
om 4 
at 
. 
= 
} 
‘ ‘ 
* 
4 
% 


SENSITIVITY OF THE SHEEP FORESTOMACH 55 


the experiments reported in this paper suggest that mechanical stimuli to 
the reticulo-rumen may well be an important factor. Neither intravenous 
injections of short-chain fatty acids (Le Bars, Lebrument, Nitescu & Simon- 
net, 1954; R. W. Ash, unpublished observations) nor the introduction of fatty 
acid buffers into the rumen in various concentrations and over a wide range 
of pH values cause rumination. The application of fatty acid and of NaCl 
0-9% (w/v) to localized areas of the forestomach did cause rumination in a 
few experiments, but in these instances the rumination may well have been 
due to mechanical stimulation involved in the application of the chemicals 
(Ash, 1959). 

Rumination may reduce the coarseness of the rumen digesta by chewing 
and increase the fluid content by the increased flow of saliva. It is reasonable 
to suggest that reflex mechanisms exist that relate rumination to the physical 
properties of the forestomach contents. The time sheep spend ruminating 
each day appears to be related to the roughness of the rumen contents. Gordon 
(1958) found that sheep fed on chopped hay spent an hour longer ruminating 
than sheep fed on long hay, and finely grinding the hay nearly halved the 
rumination time. Moreover, there is a tendency for the coarser hay and 


_ corn-husk particles to form a layer on top of the more fluid portion of the 


rumen contents. The contents of the ventral sac normally include somewhat 
less solid matter, while those of the reticulum are fluid in nature. The coarser 
particles are thus well placed to stimulate the anterior pillar and sensitive 
areas of the dorsal sac provided that the ‘fluid level’ is at a suitable height. 
However, more experimental evidence is required to assess the full significance 
of reflex excitation from the forestomach in the initiation of rumination. 
Rumination is similar in sheep whether the rumen is full or has been 
artificially emptied. The main differences in the sheep with an empty rumen 
were the much shorter chewing period, the more frequent occurrence of the 
cycles and on some occasions repeated attempts at regurgitation. The in- 
creased parotid secretion which accompanied attempted rumination in the 
sheep with empty rumina may perhaps be the result of stimulation of receptors 
as a result of increased forestomach motility. In normal rumination salivary 
flow will be reinforced by the oesophageal distension and buccal stimulation 
associated with regurgitation and chewing. : 
Stretch stimuli which caused symptoms of discomfort were not necessarily 


_ inhibitory either to the reticulum or to the parotid gland. Payne & Poulton 


(1927) found that distension of the human oesophagus caused painful sensa- 
tions and these became worse duritig contractions which were unable to — 
overcome the stretch. Similarly in our experiments discomfort seemed to 
increase during contractions of the oesophagus or of structures in the fore- 


stomach when these were stretched. oe 
Fatty acid solutions buffered at about pH 4-0 have been shown to inhibit 
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- reticulo-rumen contractions by a peripheral mechanism (Ash, 1959). In the 
present experiments such buffers also had a transient stimulatory effect on 
parotid secretion as was found in decerebrate sheep (Kay, 1958). The pH 
required to elicit this response is well below the range found in normal rumen 
contents and the extra saliva secreted is not sufficient to elevate the pH of 
the rumen contents by more than a small amount. — 


SUMMARY 


. 1. Mechanical and chemical stimuli were applied through a large-diameter 
cannula to the reticulo-rumen and oesophagus of conscious sheep. Reticulum 
contractions and parotid secretion were recorded simultaneously. 

2. Stretching the terminal oesophagus, cardia, reticulo-rumen fold or 
reticulo-omasal orifice caused large increases in parotid secretion. Light 
tactile stimulation of these areas and of the walls of the reticulum and the 
anterior pillar had a small effect on parotid flow but frequently accelerated 
reticulum contractions and caused rumination. Distension of the rumen sacs 
with a balloon inhibited both motility and saliva flow. | 

3. Similar responses to mechanical stimulation were obtained irrespective 
of whether the reticulo-rumen contained digesta-gr had been emptied. 

4. The application of a 1-2% solution of amethocaine HCl to the reticu- 
lum abolished the regular contractions of the organ and the contractions caused 
by vagal stimulation. The rumen continued to contract regularly. 

5. The introduction of fatty acid solutions buffered at pH 3-7-4-0 inhibited 
reticulo-rumen contractions and caused a transient increase in parotid 
secretion. 


6. The role of stimuli acting in the reticulo-rumen on normal rumination 
behaviour is discussed. 


We wish to thank Mr J. Dunnet for technical assistance. 
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EXPERIMENTS ON THE SITE OF ACTION OF TUBOCURARINE 
WHEN APPLIED VIA THE CEREBRAL VENTRICLES 


By W. FELDBERG anv J. L. MALCOLM* 
From the National Institute for Medical Research, Mill Hill, London, N.W. 7 


(Received 8 April 1959) 


In the present experiments an attempt was made to locate the site where 
tubocurarine acts to produce the convulsive effects and the accompanying 
changes in electrical activity of the brain on injection into the lateral cerebral 
ventricle. Two different approaches were made. By recording the electrical 
activity from two points on either side of the mid line, it could be demonstrated 
that the activity produced by the unilateral injection occurred with similar 
latencies on both sides. This excludes structures lining the lateral ventricles 
as the sites at which the activity originated. In the course of these experiments 
it was found that records obtained from the cellular layer of Ammon’s horn 
during the action of tubocurarine showed a characteristic pattern different 
from the patterns found in any other region so far examined. 

In the second approach the tubocurarine was perfused through a cannula 
ending in the lateral ventricle and the effluent was collected from various 
points between the third ventricle and the cisterna. In these experiments the 
muscular effects were recorded on a myograph and changes in excitability 
tested by the response of the quadriceps muscle to tapping its tendon. 3 


METHODS 


- The experiments were performed on cats under chloralose anaesthesia (60 mg/kg intravenously). 


In experiments in which records were taken of the electrical activity of the brain and in which 
evoked responses to peripheral nerve stimulation (peroneal nerve) were recorded before and after 
an intraventricular injection of tubocurarine, the methods used were those previously described 
(Feldberg, Malcolm & Smith, 1957), and tubocurarine was injected intravenously. In those 
experiments in which tubocurarine was perfused through a cannula in the lateral ventricle and 
the effluent was collected from the cisterna or the aqueduct, the methods were essentially those 
described by Feldberg & Bhattacharya (1958), but the perfusion fluid used was not always Locke’s 
solution but often an ‘artificial cerebrospinal fluid’ introduced by Merlis (1940) and later used by 
Leusen (1949). Its composition was as follows (g/l.): NaCl 8-10, KCl0-25, CaCl, 0-14, MgCl, 0-11, 
NaHCO, 1-76, NaH,PO, 0-07, (NH,),CO 0-13, glucose 0-61. No difference was observed in the 
effects of tubocurarine when Locke’s solution or artificial c.s.f. was used for perfusion. The rate of 
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perfusion was 0-1 ml./min. At the end of the perfusion experiments the tubocurarine solution 
wwas replaced by a solution containing 0-1% Evans Blue and perfusion was continued for 20 min 


before the head was perfused from a carotid artery with alcohol-formalin-saline fixative. From the _ 


staining it was then possible to say which regions had been reached by the perfusing tubocurarine. 

In some experiments the fourth ventricle was perfused with a tubocurarine solution which was 
prevented from entering the aqueduct. Two procedures were adopted. In the one, illustrated in 
Fig. 1, a double-bore cannula was used, the inner tube being used for the infusion of the tubo- 
curarine solution, the outer tube for collecting the outflow. After the tip of the collecting tube had 
been passed through the opened atlanto-occipital membrane into the fourth ventricle, the inner 
tube, of fine polythene, was passed through the collecting tube so that its tip reached 2-3 mm 
beyond the tip of the collecting tube. The tubocurarine was perfused through the fine inner tube 
at a rate of 0-1 ml./min whilst a perfusion with artificial c.s.f. alone was maintained from the 
lateral ventricle at a rate of 0-05 ml./min, so as to prevent the tubocurarine from entering the 


Fig. I. Diagrain of the double-bore cannula used for perfusion of the fourth ventricle 
with tubocurarine (T). Both cannulae made from polythene tubing. : 


aqueduct. With this method a limited region of the fourth ventricle was perfused with the tubo- 
curarine solution; in addition, there was some leakage through the lateral recesses, as was shown 
by staining of parts of the outside of the brain stem when, at the end of the experiment, the 
tubocurarine solution was replaced by a solution containing 0-1% Evans Blue and perfusion was 
continued for 20 min. 

With the other method no double-bore tube was used; the wider tube alone was placed with its 
tip in the fourth ventricle. Perfusion was carried out through this tube with the tubocurarine 


solution at a rate of 0-1 ml./min and the outflow was allowed to drain from the widely opened 


_ cisterna, the tubocurarine solution again being prevented from entering the aqueduct by a slower 
counter-flow from the ventricular cannula. With this method large areas of the fourth ventricle 
and of the outer surface of the medulla oblongata and spinal cord were reached by the tubocurarine 
solution, as was shown by the staining when later the tubocurarine solution was replaced with a 
solution containing Evans Blue. 


In order to record muscular effects both quadriceps muscles were fixed on a Brown-Schuster | 


myograph and their contractions were recorded on a smoked drum. Every few seconds a myotatic 
reflex was elicited by tapping the patellar tendon with an electrically driven hammer. 

In some experiments two needles were inserted subcutaneously into the sole of the left foot and 
an electrical stimulus was applied through them in the intervals between the tapping of the 
patellar tendon. The stimulus strength was just sufficient to elicit a small reflex response. 

When respiration was recorded a stethograph was placed across the chest, and the volume 
changes were recorded on the smoked drum with a small metal bellows recorder. | 
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RESULTS 
Electrical recordings from the brain after intraventricular tubocurarime . 


Records from Ammon’s horn. The outstanding feature in the electrical activity 
of certain parts of Ammon’s horn after an intraventricular injection of 200 ug 
of tubocurarine was the appearance. of groups of high-voltage spikes. They 
came simultaneously with the bursts of increased electrical activity recorded 
from the cerebral cortex and from sub-cortical structures, and referred to 
previously as ‘episodes’ (Feldberg e¢ al. 1957). 


Fig. 2 Fig. 3 
Fig. 2. Part of an episode of activity after an intraventricular injection of 200 ug tubocurarine 
in a cat under chloralose anaesthesia. In each record the upper tracing is from the primary 
sensory area of the cerebral cortex and the lower tracing from a cellular layer of Ammon’s 
horn. The position of the tip of the electrode is shown in the wogres Fig. 3. Voltage calibra- 
tion refers to the focal electrode. For details see text. 


Fig. 3. Diagram of coronal section of cat’s brain 4 mm in front of the Horsley—Clarke zero plane. 
The black point in the cellular layer of Ammon’s horn gives the position of the tip of the 
micro-electrode in experiments of Figs. 2 and 4. 


Figure 2 illustrates an episode recorded simultaneously from the primary 
sensory cortex and from a cellular layer of Ammon’s horn. The position of the 
tip of the electrode in Ammon’s horn, as ascertained by subsequent histological 
_ examination of the perfused brain, is shown in the diagram of Fig. 3 by the 
black spot. The episode begins with bursts of a few slow waves in both records. 
From the slow waves recorded from Ammon’s horn, spikes develop which 
increase in size and, during the height of the episode, dominate the focal record. 
The episode stops abruptly, and immediatéfy rwards no responses can be 
evoked by stimulation of the contralateral peroneal nerve. The development 
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of the spike activity is shown on a faster sweep in Fig. 4. The top record shows 
two small positive slow waves the first of which gives rise to a small single spike. 
In the middle record, taken several seconds later, a few spikes develop after the _ 
beginning of the slow waves and increase in size. The bottom record shows the 
spike activity at the height of the episode. | | e 
When the tip of the electrode was in a cellular layer of Ammon’s horn, the 
evoked responses were also characterized, after the tubocurarine injection, by 
groups of large-voltage spikes arising from the slow evoked wave. On traversing 


10 mV 


50 msec 


Fig. 4. Same experiment as Fig. 2 but on a faster sweep. Development of large spike-like activity 
in electrode from the cellular layer of Ammon’s horn during an episode. (For details see text.) 


Ammon’s horn a point was always reached at which the spikes were maximal 
and diphasic. Both above and below this point, the spikes decreased in size 
and usually became first negative and then positive while the slow wave 
remained. This is illustrated in Fig. 5. The evoked response at C is obtained 
with the tip of the electrode within, or very close to a cellular layer, as ascer- 
tained by subsequent histological examination of the perfused brain. With the 
records A, B, D and E, the exact distance of the tip of the electrode from this 
cellular layer of Ammon’s horn was not known. 

Records from two points on either side of the mid line. Table 1 indicates the 
location of the tip of the electrodes in six experiments in which records were 
taken simultaneously at points on either side of the mid line. In each of these 
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experiments the first signs of altered electrical activity, spontaneous or evoked, 
after an injection of 200g of tubocurarine, occurred at the same time on both 
sides although the tubocurarine was always injected into the left lateral : 
ventricle. It is therefore unlikely that the tubocurarine produced the changes 

in electrical activity by acting on structures lining the left lateral ventricle. 


5 mV 


50 msec 


Fig. 5. Record of responses from left Ammon’s horn evoked by stimulation of the contra-lateral 
peroneal nerve after an intraventricular injection of 200g tubocurarine. The record at C 
was obtained when the tip of the electrode was in, or very close to a cellular layer. The other 
records were obtained after lowering or raising the electrode 50 or 100, the traverse being 
at an angle of 30° from the vertical. The electrode was first lowered 50» between C and D and 
between D and £, and then withdrawn beyond the point recorded from at C, first vunla 
(Record B) and then 50 (Record A). (For details see text.) 


TaBLE 1. Regions on the left and right side of the mid line from which simultaneous records 
4 were taken in six experiments after injection of 50yg tubocurarine into the left lateral 
ventricle 
Expt. Left Right 
; 1 Ammon’s horn Sup. colliculus 
2 Sup. colliculus Sup. colliculus 
3 Pulvinar Ammon’s horn | 
4 Nucleus centralis medislie Pulvinar | 
; 5 Ammon’s horn Nucleus reuniens 
6 


Ammon’s horn Nucleus centralis medialis 


Observations on muscular activity during perfusion of the cerebral ventricular ) 
system with tubocurarine 


— Outflow from cisterna. When a solution of tubocurarine 1:10,000 was per- 
fused through the cannula in the lateral ventricle and the outflow was collected 
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from a cannula in the cisterna, the effects were similar to those described with 
single intraventricular injections of 204g tubocurarine in 0-2 ml. into cats 
anaesthetized with chloralose (Feldberg et al. 1957). Within a few minutes of 
the start of perfusion with tubocurarine, tapping the quadriceps or soleus 
tendon produced increased reflex responses with repetitive contractions, 


Fig. 6. Parts of the cerebral ventricular spaces (indicated in black) reached by the tubocurarine 

during perfusion from the lateral ventricle with the tip of the outflow cannula in the cisterna 

_ (at A), at the mid-collicular level of the aqueduct (at B) and at the entrance to the third 
ventricle (at C). 


followed within a few minutes by continuous fasciculation of the quadriceps 
muscle. Later the continuous fasciculation involved the respiratory muscles 
as well and jerky movements occurred. | 

Tip of outflow cannula at mid-collicular level. With the outflow cannula in the 
cisterna the tubocurarine passes not only over the fourth ventricle, as shown 
in Fig. 6.4 by the black area, but also over the outer surface of the brain stem. 
The general picture of the effects of tubocurarine, however, remained un- 
changed in experiments in which the tip of the outflow cannula was pushed 
into the aqueduct as far as the mid-collicular level. Under this condition, 
which is illustrated in Fig. 6B, the tubocurarine no longer reaches the fourth 
ventricle or the outer surface of the brain stem. Its first effect was again an, 
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- increase in the height of the contractions of the quadriceps in response to 


tapping its tendon, as illustrated in Fig. 7 at a. In addition the reflex responses 


showed great irregularities. The changes began within 2 min of perfusion with — 


tubocurarine and continued to increase during the following 15 min. When 
perfusion was then continued with the artificial c.s.f. alone it took over half an 
hour before the reflex responses returned to their original size. When the per- 
fusion was restarted with tubocurarine the reflex responses again increased in 
size and showed irregularities, as in Fig. 7 at 0. 


Fig. 7, Responses of the left quadriceps to tapping of the patellar tendon during perfusion of the 
cerebral ventricular spaces with the tip of the outflow cannula at the mid-collicular level of 
the aqueduct. From the first to the second signal, perfusion with tubocurarine 1: 10,000; 
from the second signal onwards, perfusion in a with artificial c.s.f. alone and in 6 with tubo- 
curarine 1: 10,000 plus noradrenaline 1:2000. Between the two sections in a an interval of 

- § min; and in b of 1 min. Time marker, 10 sec. 


In several experiments the augmentation of the knee jerk was less pro- 
nounced, as for example in the experiment of Fig. 8, and the main effect was 
that, after a variable interval of time, each response was followed by a series 
of small tremor-like contractions. At first these involved only the hind-limb 
muscles, but later they spread to the muscles of the forelimb and trunk. This 
activity increased in duration and gradually became a continuous background 
of activity which persisted when the tendon tap was stopped. 

The development of this activity is illustrated in the records of Fig. 8 by the 
irregularity and broadening of the base line. Record b was obtained after per- 
fusion for about 5 min, record c after about 15 and record d after about 50 min 
with tubocurarine 1:10,000. At the signals in record ¢ the tendon tap was 
stopped, but already the after-discharge had become a continuous background 
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of activity which persisted while the tendon taps had ceased, although there 
was as yet little activity in the contralateral quadriceps; but later, in record d, 
the activity had spread to the other limb as well. The tremor-like activity, 
particularly when it became continuous, occluded to a varying degree many 
responses of the quadriceps muscle to the tendon tap, as is shown in record d 
of Fig. 8. Sometimes, at later stages of perfusion, the finer tremor-like move- 
ments became more synchronous and led to clonic jerks which involved also’ 
the muscles of the upper extremities and the trunk. 


Fig. 8. Upper record from right and lower record from left quadriceps before and during perfusion 
of the cerebral ventricular spaces with the tip of the outflow cannula at the mid-collicular 
level of the aqueduct. Tapping of left patellar tendon every few seconds except at the signals 
when tapping was stopped. Records a before, and b, c and d after, perfusion for about 5, 15 
and 50 min with tubocurarine 1:10,000. Time marker, 10 sec. (For details see text.) 


At the height of the tubocurarine action many types of stimuli, such as 
_ tapping the table or the back of the animal, or sudden loud noises, produced 
generalized vigorous jerks. Similarly, cutaneous sensory stimuli produced by 
_ an electrical pulse to electrodes inserted into the skin of the foot, which before 
* the tubocurarine produced only a slight muscular response in the foot, caused 
a larger response which involved the contralateral limb as well. : 
One of the first effects which often preceded the activity in the limb muscles 
was a change in the pattern of the respiratory movements. The inspirations were 
preceded by small inspiratory muscular efforts, or there were occasional sharp 
inspiratory efforts, during an inspiration. Later each inspiration was followed 
by tremor-like contractions of the muscles of the thorax and pectoral girdle. 
In the course of the tubocurarine perfusion the pupils became gradually 
wider and with each general muscle jerk there was a sudden short-lasting 
dilatation of the pupils. When there was a continuous background of tremor- 
like activity there were also continuous oscillations of the pupillary diameter. 
This phase was frequently accompanied by nystagmus-like movements of the 
eyeballs. The blink reflex often became brisker. ) 
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Tip of outflow cannula at entrance of third ventricle. In these experiments the 
tip of the outflow cannula had been passed throughout the whole length of the 


aqueduct to reach the posterior commissure. The diagram of Fig. 6C illustrates 


that under this condition the tubocurarine does not reach the aqueduct. 
Perfusion with tubocurarine 1:10,000 no longer produced the muscular 
effects; but when the concentration was increased to 1:2000 contractions of 
the thoracic muscles occurred, yet only after about 20 min perfusion. 
Perfusion of the fourth ventricle. In two experiments the perfusion with 
tubocurarine was carried out with the double-bore cannula. The areas stained 


Fig. 9. Shaded areas indicate regions of the floor of the fourth ventricle and of the outside of the 
brain stem which were stained blue after perfusion of the fourth ventricle for 20 min with 
Evans Blue, using the double-bore cannula shown in Fig. 1. 


after 20 min perfusion with Evans Blue at the end of the experiment were 

about the same for both experiments. They are shown for one experiment in 
Fig. 9. The perfusion with tubocurarine 1:8000 for 40 min produced no mus- 
cular or respiratory effects, but when the tubocurarine was later added to the 
fluid perfusing the lateral and third ventricles and the aqueduct the typical 
muscular effects appeared. Even when the tubocurarine reached larger areas 
of the surface of the brain stem, as in those experiments in which a single-bore 
cannula was used and the whole outflow was allowed to drain from a widely 
opened cisterna, it produced no muscular contractions but greatly affected the 
depth and rate of respiration. This is illustrated in the upper part of Fig. 10. 
The lower part shows diagrammatically the areas which became stained when 
at the end of the experiment Evans Blue was perfused through the cannula. 
Large areas of the fourth ventricle, the whole ventral surface of the medulla 
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oblongata and parts of the pons were found to be stained, as is indicated 
diagrammatically in Fig. 10. The staining, however, did not extend to the 
spinal cord. In one experiment, in which the staining involved the whole 


Pd Dorsal Ventral 
Fig. 10. Effect on knee-jerk (upper record) and respiration (lower record) on perfusion of fourth 
ventricle with tubocurarine 1:8000 started at the signal: b and c about 20 and 40 min later. 
Time marker, 10 sec. The shaded areas in the diagram below indicate the region of the floor 
| of the fourth ventricle and of the outside of the brain stem which were stained blue after 
perfusion for 20 min with Evans Blue at the end of the experiment. 


spinal cord down to the thoracic region, the perfusion with tubocurarine had 
produced an increase in the quadriceps: response to the tendon tap; subse- 


quently respiration became more rapid and deeper, and at the height of action 
5-2 
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typical tremor-like clonus developed and the whole animal jerked at each 
tendon tap. A cutaneous sensory stimulus, however, produced a transient 
inhibition of the tremor. This is illustrated in Fig. 11. This effect was obtained — 
in one experiment only and it is therefore difficult to interpret this inhibitory 
action of the cutaneous stimulus on the tremor, and to associate it definitely 
with the fact that the perfusion with tubocurarine had extended to the spinal 
cord, 


Fig. 11. Inhibitory effect of a cutaneous sensory stimulus on tremor-like activity produced by 
_ tubocurarine; perfusion of cerebral ventricular spaces with tip of outflow cannula at the mid- 
collicular level of aqueduct. Upper record from right, lower from left quadriceps (a) before 
and (5) during perfusion with tubocurarine 1 :8000. Tapping the left patellar tendon approxi- 
mately every 10 sec resulted in the large upward strokes. Between taps a cutaneous sensory 
stimulus was applied to paw of left hind limb, resulting in the smaller upward and downward 
strokes in a, and in inhibition of tremor-like activity in 6. Time marker, 10 sec. 


Effects of noradrenaline and adrenaline 


In experiments with perfusion from the lateral ventricle and with the tip 
of the outflow cannula at the mid-collicular level of the aqueduct, noradrenaline 
added to the perfusion fluid in concentrations of from 1:10,000 to 1:2,000 did 
not affect the normal quadriceps response to the tendon tap but it influenced 
_ the response to tubocurarine. If tubocurarine had enhanced the response, 
noradrenaline reduced it to normal (Fig. 7b); if it had produced tremor-like 
activity with occlusion of the quadriceps responses, noradrenaline abolished 
the tremor and the occlusion, but it did not reduce the generalized jerks. | 
In fact, they often became stronger, probably because they were no longer 


occluded by the tremor (Fig. 12). The effects of noradrenaline were obtained | 


whether the tubocurarine was maintained in the perfusion fluid or not. When 
_a period of perfusion with noradrenaline 1: 10,000 had preceded the perfusion 
with tubocurarine 1: 10,000 the appearance of the full tubocurarine effects was 
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delayed, sometimes for over an hour, and during this time the only muscular 
effects of the tubocurarine were generalized jerks. 

In one experiment in which adrenaline 1:10,000 was used it affected the 
tubocurarine response in the same way as noradrenaline. 


Fig. 12. Effect of perfusion of cerebral ventricular spaces with noradrenaline 1: 10,000, started at 
signal, on muscular activity produced by prolonged perfusion with tubocurarine 1: 10,000. 
Tip of outflow cannula at mid-collicular level of aqueduct. Upper record from right, lower 
record from left quadriceps; tapping of left patellar tendon every few seconds. Time marker, 
10 sec. 


DISCUSSION 


When, whilst examining the changes in electrical activity of the brain pro- 
duced by tubocurarine, records were taken from Ammon’s horn, a pattern of 
activity was recorded, on traversing this structure, which was characterized 
by high-voltage spikes. The position of the tip of the electrode from where this 
type of activity was obtained was in or near the cellular layers, which are such 
a characteristic feature of this part of the cerebrum. The high-voltage spikes 
thus are a sign of activity in a compact layer of cells discharging synchronously, 
Studies of the activity of Ammon’s horn may be helped by this knowledge that 
its activation, at least from subcortical structures, can easily be recognized 
when records are taken from its cellular layers. 

The main aim of the present experiments was to obtain information about 
the site or sites of action of tubocurarine in the brain, when on injection into 
the lateral ventricle it produces strong muscular activity which leads to convul- 
sions, and the profound changes in electrical activity of the brain which bear 
such ‘a close resemblance to the abnormal discharge of the epileptic seizure. 
From the results of our experiments it appears that we can eliminate, as the 
main sites of action for these effects, structures lining the lateral ventricles, 
the fourth ventricle and the outer surface of the brain stem. The main sites of 
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action appear to be structures which are reached when the tubocurarine passes 
through the aqueduct. 

In order to know which servintaren are affected we ought to know how daeply 
the tubocurarine, when passing through the aqueduct, penetrates into the 


- surrounding tissue of the mesencephalon. No such penetration experiments 


have been carried out with tubocurarine nor, as far as penetration from the 
surface of the aqueduct into the mesencephalic tissue is concerned, with any 
other substance. However, M. Draskoci, W. Feldberg, K. Fleischhauer and 
P. §. R. K. Haranath (unpublished) have recently measured the penetration 
of histamine into the tissue of the diencephalon from the third ventricle when 
a solution of histamine 1:1000 was perfused for 1 hr from the lateral ventricle 
to the aqueduct. They found that the histamine penetrated about 3 mm into 
the diencephalon. If we were to assume a similar penetration of tubocurarine 
into the mesencephalic region, the structures reached would lie beyond the 
grey matter around the aqueduct and the tubocurarine would reach that region 
in the central core of the brain stem which consists of a diffuse aggregation of 
cells of different types and sizes separated by a wealth of fibres travelling in all 
directions and termed the reticular formation of the tegmentum. It is known 
that muscular effects are obtained from stimulation of this region, so that—on 
the assumption that tubocurarine, in contrast to its paralysing action at motor 
end-plates, has an excitatory action on central synapses—the concept of 
muscular activity resulting from penetration of a central excitatory substance 
into the tegmentum is in accord with physiological observations. 
Experiments on cats have shown that the rostral portion of the mesen- 
cephalic tegmentum and its continuation into the hypothalamus are involved 
in the act of walking (Hinsey, Ranson & McNattin, 1930), and that unilateral 
stimulation of the tegmentum results in ipsilateral flexion with contralateral 
extension of the forelimbs, in varying muscular responses of the hind limbs 
and in bending of the body with the concavity of the curvature to the side of 


stimulation. The older literature on tegmental stimulation has been reviewed 


by Hinsey, Ranson & Dixon (1930). They themselves stimulated in decerebrate 
cats the cut surface of the mesencephalon and found that the tegmental 
response was elicited when the electrode was in the region of the red nucleus. 
They concluded that the descending pathway is ipsilateral down into the 
reticular formation, from which it may be continued via the reticulo-spinal 
tracts. On the other hand, Ingram, Ranson, Hannett, Zeiss & Terwilliger 


- (1932), working on anaesthetized cats with the brain intact, found that the 
_Tesponse was not specifically related to the red nucleus. In fact, they had 


considerable difficulty in obtaining the response from this’part of the tegmen- 
tum, whereas it was easily obtained from the reticular formation of the teg- 
mentum dorsal and lateral to the red nucleus, that is, from almost everywhere 
in the reticular formation back to the caudal part of the pons. 
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When describing the effects obtained with tubocurarine, it was repeatedly 
pointed out that some of the muscular activity appeared in the form of tremor, 
first as a repetitive response to stimuli, but later as a continuous activity. It is 
therefore of particular interest that tremor is a typical effect of stimulation of 
the tegmental reticular formation (Folkerts & Spiegel, 1953; Jenkner & Ward, 
1953; Wycis, Szeleky & Spiegel, 1957; Ward, 1957), and that the tremor is 
assumed to be the result of activation of reticular neurones rather than of 
other fibres coursing through this region. In order to explain the finding 
(Ward, McCulloch & Magoun, 1948; Peterson, Magoun, McCulloch & Lindsley, 
1949) that not only stimulation of, but also lesions in, the tegmentum may 
result in tremor, Jenkner & Ward (1953) and Ward (1957) assume that these 
lesions interrupt projections to those neurones in the reticular formation, 
stimulation of which evoked rhythmic tremor, and that these de-afferentated 
cells subsequently become supersensitive to acetylcholine. This latter con- 
clusion they based on the effectiveness of antagonists of acetylcholine in 
reducing tremor in patients with Parkinsonism. The finding of Feldberg & 
Sherwood (19546) that the anticholinesterases eserine and DFP produce 
tremor on intraventricular injection would be in favour of this conclusion, 
provided it could be shown that the anticholinesterases also act after pene- 
trating into the mesencephalon from the aqueduct. This finding would then 
strongly support the view that the nerve cells in the reticular formation of the 
tegmentum, the discharge of which results in tremor, are impinged upon by 
cholinergic neurones. | 

There are other effects observed with intraventricular tubocurarine which 
may also result from an action of the drug penetrating from the aqueduct into 
the mesencephalon. In unanaesthetized cats an intraventricular injection of 
tubocurarine may produce bouts. of loud calling both before and between 
periods of convulsive seizures (Feldberg & Sherwood, 1954a) and it is known 
that vocalization can be elicited by mesencephalic stimulation. For instance, 
Ingram, Ranson, Hannett, Zeiss & Terwilliger (1932) showed that in cats 
stimulation of areas of the tegmental reticular formation, near the mid-line, 
led to cries, and Magoun, Atlas, Ingersol & Ranson (1937) found that stimula- 
tion of the tegmentum below the aqueduct yielded facio-vocal responses. 
More recently, Jenkner & Ward (1953) evoked in monkeys forceful rhythmic 
vocalization by electrical stimulation of the tip of an electrode in the tectum. 

The finding that in the course of perfusion with tubocurarine the pupils 
become gradually wider can also be explained by a gradual penetration of the 
drug into the tegmental reticular formation, since Ingram et al. (1932) state 
that ‘dilatation of the pupils occurred on stimulation practically everywhere s 
in the reticular formation’ of the tegmentum. Thisinterpretation is strengthened / 
by the observed association of pupillary movements with the muscular activity, 
sudden jerks resulting in short-lasting dilatations of the pupils and the 
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background tremor-like activity resulting in oscillations of the pupillary 
diameter. On the other hand the possibility cannot be excluded that the effect 
is brought about by an action of the tubocurarine on diencephalic structures 
as well, through penetration from the third ventricle, since Ingram et al. 
(1932) obtained pupillary dilatation also on stimulation of the grey matter of 
the wall of the third ventricle in the hypothalamus, in various hypothalamic 
nuclei and in other regions of the diencephalon. 

The changes in the pattern of the respiratory movements which were among 
the first effects observed during perfusion with tubocurarine may also result 
from an action of the drug on structures of the tegmental reticular formation. 
This applies to the small respiratory effects preceding the inspiration and to 
the occasional sharp inspiratory effects during an inspiration as well as to the 
tremor-like contractions which later on followed each inspiration. This con- 
clusion is based not only on the obvious association of the respiratory move- 
ment with the other muscular activity and the tremor, but also on the fact 


- that Ingram et al. described respiratory effects, cessation as well as accelera- 


tion of respiration, as a result of tegmental stimulation. 

Can all the effects on the body musculature observed in our perfusion 
experiments with tubocurarine, and, in unanaesthetized cats, with intra- 
ventricular injection, be attributed to an action on structures in the mesen- 
cephalon, or may some of the contractions perhaps have resulted from an 
action on more rostral structures by penetration from the lateral walls of the 
third ventricle into the diencephalon? When in our experiments on perfusion 
from the lateral ventricle the tip of the outflow cannula had entered the third — 
ventricle, thus excluding the aqueduct from the perfusion, no muscular 
activity occurred with the usual concentration of 1: 10,000 tubocurarine in the 
perfusing fluid. However, when the concentration was 1:2000 contractions 
occurred although only after a delay of about 20 min. This delayed effect with 


the higher concentration might indicate an action of tubocurarine on deeper 


structures in the diencephalon reached by penetration through the lateral 


- walls of the third ventricle. But it might as well result from an action on the 


most rostral zone of the mesencephalic tegmentum, the drug penetrating into 
this region from the posterior wall of the third ventricle at the zone of transi- 
tion between diencephalon and mesencephalon. In agreement with this inter- 
pretation is the finding by Ingram e¢ al. (1932) that the weak currents used for 
obtaining muscular effects on stimulation of the tegmentum had no ‘such 
effects when applied to various regions of the diencephalon, to the hypothala- 
mus, the subthalamus and to the most ventral part of the thalamus as far as 
the pre-optic area. On the other hand, our results do not exclude the possibility 
that a facilitating effect is brought about by the action of tubocurarine on 
diencephalic structures, thereby increasing the excitability of the mesen- 
cephalic structures to tubocurarine: Such a facilitating effect may also result 
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from an action of tubocurarine on structures caudal to the mesencephalon; 
this apart from the fact that tubocurarine can apparently produce contractions 


by acting on the spinal cord itself when reaching the subarachnoidal space 
surrounding it. 


The .results of the present experiments do not enable us to decide the 


pertinent question of where the tubocurarine acts when, on intraventricular 
injection, it produces the profound changes in electrical activity of the brain 
which we presume to be associated with the convulsive activity. We know that 
these changes must be produced by an action on subcortical structures, and 
it may well be that these structures are mainly or wholly situated in the 
mesencephalon. 

The finding that no respiratory effects were produced on perfusion of the 
fourth ventricle with tubocurarine when the perfusion fluid reached limited 
areas of the floor of the ventricle, but that strong respiratory changes occurred 


when the fluid passed over large areas of the floor of the fourth ventricle and - 


entered the subarachnoidal space, can be explained by the fact that the 
tubocurarine in order to be active must reach an extensive region of the floor 


of the fourth ventricle. There is, however, another explanation. Loeschcke 


and his co-workers (Loeschcke, Koepchen & Gertz, 1958; Loeschcke & 
Koepchen, 1958a, b) have recently made the interesting observation that 
solutions of different pH, or solutions containing procaine, veratridine or 
lobeline, produced no respiratory changes when applied to the floor of the 
fourth ventricle but did so when the fourth ventricle was perfused, and these 
solutions passed through the lateral recesses into the adjacent subarachnoidal 


space of the base of the brain. Injections of these solutions into the-lateral 


recesses were also effective. They conclude that the hydrogen ions and the 
drugs did not act on the respiratory centre proper in the floor of the fourth 


ventricle but ‘on a very superficial sensitive substrate in the region of the 
‘fateral recesses of the fourth ventricle and their neighbourhood’, i.e. on 


structures beyond the fourth ventricle at the side or base of the brain stem. 
The sympathomimetic amines, noradrenaline and adrenaline, seemed to 
exert a selective antagonistic effect on the muscular activity produced by 
tubocurarine. They abolished the augmentation of the knee-jerk and the 
tremor-like activity but did not reduce the generalized muscle jerks. Since 
_ these occurred only late in the perfusion, in contrast to the other two muscular 
activities, they may require a deeper penetration of the tubocurarine nto the 
mesencephalon, to structures not reached by the noradrenaline or adrenaline 
on subsequent perfusion. These amines, however, have some action on muscle 
jerks as well, since Feldberg & Sherwood (1954a) found in unanaesthetized 
cats that intraventricular adrenaline reduced, although it did not abolish, the 
convulsive activity of a small dose of intraventricular tubocurarine. a 
Whatever the explanation, the dramatic abolition of the tremor-like activity 
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without reduction of the muscle jerks suggests a selective action of noradrena- 
line and adrenaline on the tegmentum, probably on its reticular formation. 


The finding that intraventricular adrenaline abolished the bouts of loud” 


calling produced by intraventricular tubocurarine (Feldberg & Sherwood, 
1954a) is another. central adrenaline-tubocurarine antagonism which also : 
points to an action of adrenaline on structures in the tegmentum. : 
Does the effect of noradrenaline, particularly its ability to abolish the 
tremor-like activity, point to a corresponding physiological function of this - 
amine? That it was used in large concentrations need not prevent us from 
considering this possibility, since the tubocurarine, too, was used in large 
concentrations. The pharmacological effect of noradrenaline in abolishing the 
tremor-like activity produced by tubocurarine may indeed imitate a physio- — 
logical function exerted by the noradrenaline present in the brain stem; more- 
over it may give us an understanding, in physiological terms, of the disturbance 
underlying the tremor of Parkinsonism. | 
The anatomical region from which tremor-like movements can be elicited 
on electrical stimulation has been mapped out in the brain of the monkey by 
Jenkner & Ward (1953). It comprises the more medial portions of the reticular 
formation between the red nucleus and the nucleus of the abducens nerve, 
regions in the brain stem in which noradrenaline was,found by Vogt (1954) in 
dogs. Could it then be that its physiological function here would be to suppress 
a latent tremor? Jung (1941) has postulated that tremor represents a phylo- 
genetically early form of movement (cf. movements of fins of fish) which is 
suppressed by the elaborate development of the nervous system in higher 
forms. If one of the functions of the noradrenaline in the brain stem were to 
suppress this phylogenetically early form of movement, tremor, we should 
expect it to become manifest when this brake is removed, that is, when the 
brain stem is depleted of its noradrenaline; and this seems to be the case. 
Reserpine is known to deplete the noradrenaline in the brain stem and other 
nervous tissues (Holzbauer & Vogt, 1956; Shore, Olin & Brodie, 1957; Mus- 
choll & Vogt, 1957) and one of the effects it produces is tremor. This is a well- 
own toxic side effect of reserpine treatment in psychotic patients (Kline & 
Stanley, 1954; Hollister, Krieger, Kringel & Roberts, 1954; Flach, 1954; 
Kinross-Wright, 1954; Weber, 1954; Barsa & Kline, 1955) and has been 
observed in most species (Chusid, Kopeloff & Kopeloff, 1955; Woodson, 
Youngken, Schlittler & Schneider, 1957). But since in anima!s reserpine causes 
a fall in body temperature (von Bein, Gross, Tripod & Meier, 1953; Schneider 
& Earl, 1954) it is not certain whether a distinction between tremor and 
shivering has always been made. 
It is tempting to speculate whether the tremor of Parkinsonism is also a sign 
' of insufficient depression by noradrenaline of a latent tremor. Either noradre- 
naline may not be present in sufficient amounts in the brain stem, or the dis- 
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turbance may be in the enzyme system synthesizing it, or the normal rate of 
release of noradrenaline may be impeded, or the responsive neurones may have 
become insensitive or less sensitive to it. Should the idea prove to be correct 
that the physiological function of noradrenaline in the mesencephalon and in 


' the more caudal parts of the brain stem is one of suppression of a phylogeneti- 


cally early form of movement, then we should have to consider that the 
function of noradrenaline in the more rostral parts of the brain stem is also 
one of suppression of motor or sensory functions. 


SUMMARY 


1. Experiments were carried out in anaesthetized cats in order to locate 
the site of action of tubocurarine when it produces profound changes in 
electrical activity of the brain and increased muscular activity. 

2. By recording the electrical activity from two points on either side of the 
mid line it could be demonstrated that the changes in electrical activity pro- 
duced by unilateral injection of tubocurarine occurred with similar latencies 
on both sides. This excluded structures lining the lateral venieelne as the sites 
at which the activity originated. 


3. When the tip of the recording electrode was in or near the cellular layers 
of Ammon’s horn during episodes of increased electrical activity of the brain 


following an intraventricular injection of tubocurarine the records showed 


groups of high-voltage spikes occurring at regular intervals, a pattern of 


= -* 


activity different from that found in any other region of the brain so far 
examined. 

4. When the tip of the recording electrode was in or near the cellular layers 
of Ammon’s horn the records of the responses evoked after the tubocurarine 
injection showed groups of large-voltage spikes arising from the slow evoked 
wave. On traversing Ammon’s horn with the electrode, a point was always 
reached where the spikes were maximal and diphasic; both above and below 


this point the spikes decreased in size and usually became first negative and — 


then positive. 
5. The pattern of high-voltage spikes obtained in ‘eeciila from Ammon’s 


horn is explained by the fact that we are recording a synchronous discharge 
from a compact layer of cells which is a characteristic feature of the histological 
structure of the Ammon’s horn. 

6.. When perfusing tubocurarine through a cannula in the lateral ventricle 
and collecting the effluent from various points between the third ventricle and 
the cisterna it could be shown that the aqueduct was the most sensitive region 
from which to elicit muscular effects such as increased excitability of the 
knee-jerk, tremor-like activity and, at later stages of perfusion, generalized 
jerks. 


7. It is suggested that the main site of action of tabooararine in producing 
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increased muscular activity is the reticular formation of the tegmentum, 
stimulation of which is known to produce muscular effects and particularly 
tremor-like activity resembling that observed after tubocurarine. 

8. Noradrenaline as well as adrenaline added to the perfusion fluid pre- 
vented or abolished the augmentation of the knee-jerk and the tremor-like 
activity produced by tubocurarine, without reducing the generalized muscle 
jerks. It is assumed that noradrenaline and adrenaline when exerting this 
antagonistic effect act also on the reticular formation of the tegmentum. 

9. The possibility is discussed that a physiological function of the noradren- 
aline present in the brain stem is to depress a latent tremor considered to be a 
phylogenetically early form of movement, and that the tremor of Parkinsonism 
is associated with a disturbance in the metabolism of noradrenaline. 
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A STUDY OF INTRACELLULAR POTENTIALS AND CON- 
TRACTIONS IN ATRIA, INCLUDING EVIDENCE FOR 
AN AFTER-POTENTIAL 


By E. M. VAUGHAN WILLIAMS 
From the Department of Pharmacology, U miversity of Oxford 


(Received 29 April 1959) 


In a previous investigation (Vaughan Williams, 1959¢c) a close correlation was 
observed between the duration of intracellularly recorded action potentials 
and the magnitude of contractions of isolated rabbit atria exposed to acety]l- 
choline (ACh), in agreement with the results of Burgen & Terroux (1953). On 
the other hand, evidence was presented against Burgen & Terroux’s suggestion 
that weakening of atrial contractions in the presence of parasympatho- 
mimetic drugs might be due to the failure of a large proportion of contractile 
elements to respond unless they were activated by an action potential of long 


duration. Another explanation has to be found for the effect of acetylcholine _ 


on contractions, and the hypothesis has been advanced (Vaughan Williams, 
1957) that the magnitude of the contractions in atrial muscle is determined 
by the amount of a substance concerned in activation which is released after 
the beginning of the action potential, and that this substance is made available 
for release at a slow rate in the absence of action potentials, and at a faster 
rate in the presence of action potentials in proportion to their frequency. The 
hypothesis predicted that when the interval between contractions was long, 
the size of thé contractions would be larger the longer the interval. It further 
predicted that even at higher frequencies, at which individual contractions 
became larger ultimately when their frequency was increased (staircase 
phenomenon), the inital effect of the change to a faster frequency would still 
be to reduce the contractions, and that conversely on returning to the slower 
frequency, the first contractions would be larger and would then decline 
towards their original magnitude. The experiments performed to test the 
hypothesis show that these predictions were fulfilled. 


METHODS 


The apparatus has already been described (Vaughan Williams, 1955, 1958, 19594). Isolated 
rabbit atria were mounted horizontally in a bath; through which oxygenated nutrient fluid flowed 
past them at a constant rate. Contractions were recorded with an RCA 5734 transducer, whose 
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output was photographed on an oscilloscope or inscribed on a smoked drum with a Kelvin and 
Hughes magnetic pen. A new method of mounting micro-electrodes (Vaughan Williams, 19595) 
enabled intracellular potential records to be obtained whose stability over long periods allowed 
confidence that the potentials were not artificially distorted by the contractions. When the atria 
were driven electrically the stimuli were applied to the tip of the left atrium, so that action 
potentials recorded from the left atrium appeared on the tracings before those from the right 
atrium. In several of the experiments it was necessary to make instantaneous changes in the 
frequency of stimulation (Figs. 5, 6 and 8). To achieve this it was arranged that when a change was 
desired, a switch was thrown during the interval between stimuli at the original frequency, where- 


upon the next stimulus at this frequency operated a fast relay (delay <3 msec), which chan 
the frequency to any desired new value. 


RESULTS 
When rabbit atria were exposed to acetylcholine the action potentials shortened 
and the contractions diminished. If, however, the atria were stopped for 
increasing periods of time by higher concentrations of ACh, the first beat after 
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A | Variable 6 constant 
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5x 10-6 E 
2x 10-5 ? 
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Einactive potential 
1 min M *-E M<-E+M 


Fig. 1. A: Post-arrest potentiation; atrial contractions recorded with transducer and magnetic 
pen. ACh was introduced as a single amount sufficient to produce the peak concentrations 
indicated, and was washed out at a steady rate by fluid flowing past the atria. B: Diagram 
of hypothesis described in text, concerning the relation between frequency and size of 
contractions. | 


the arrest became larger, and its magnitude was evidently related to the 


period of arrest (Fig. 1.4). The action potential which initiated these large 


beats was still very short (Vaughan Williams, 1959c), but was conducted at a 
fast rate over the whole of the atria. It was as if, during the arrest, some sub- 
stance involved in the activation of the contractile elements was gradually 
building up inside the cell. The rate of accumulation was evidently slow, 
however, because as soon as the atria started beating again, the size of con- 
tractions diminished along an approximately exponential course. The observa- 
tions suggested the hypothesis, formulated diagrammatically in Fig,.1B, 
that the magnitude of the contractions was determined by the amount of a 
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_ substance FZ, which was released during the action potential or in some other 


way (Evans, Schild & Thesleff, 1958; Axelsson & Thesleff, 1958) so that a 
reaction occurred during contraction which could be represented as 


E+M (muscle contractile element) = 


which would then dissociate, into EjnactivetM@- inactive Might then, of 
course, be resynthesized to HZ. It was further suggested that the rate at which E 
was made available for release was a function of the frequency of the action 
potentials (variable source, 2, in Fig. 1B), but that even in the absence of 
action potentials it was still made available for release at a slow rate (small 
constant source; 1). During arrest, when none’was being released, the level 
of E in the reservoir, available for release, would slowly build up, accounting 
for the phenomenon of post-arrest potentiation when an action potential 
eventually did arrive, and for the diminution along an ——— course 
of the first few subsequent contractions. 


Relation between frequency and magnitude of contraction 
- The phenomenon of post-arrest potentiation is illustrated’in Fig. 1A, in 
which the contractions were larger the longer the interval of inactivity. This 
was the reverse of the well-known ‘staircase phenomenon’, a term which 
describes an increase in the size of contractions when their frequency accelerates. 
Analysis of the relative magnitudes of contractions of rabbit atria over a wide 
range of frequencies has suggested that the relation between contraction and 
frequency can be divided into four phases, exhibited diagrammatically in 
Fig. 2. The ordinate represents the size of contractions, the abscissa the 
frequency of stimulation in beats per minute on a logarithmic scale. At 
intervals of arrest corresponding to frequencies below about 5-10/min the 
contractions varied as the interval, illustrating the phase.of post-arrest 
potentiation. In the second phase, at frequencies from about 10-130/min, the 
staircase effect was evident, contractions rising with frequency. At frequencies 
above 130/min the contractions changed little (phase 3, ‘plateau’) until over 


220/min, where they began to decline (phase 4, ‘overload’). The diagram was — 


constructed from many different experiments, and can only be regarded as a 
rough guide to the relation between frequency and contraction, because the 
range of the staircase effect varied considerably in different preparations. The 
evidence for phases 3 and 4 and part of phase 2 was obtained from atria whose 
natural pace-maker rate was below the rate of stimulation. Phase 1 was 
studied in atria whose natural pace-maker had been slowed or stopped by 
ACh. This procedure was’validated on two grounds: (1) At frequencies above 
the pace-maker rate the same relative effect of frequency on contraction was 
observed whether ACh was present or not (see Fig. 4), although the absolute 
size of all contractions was smaller in the presence of ACh. (2) The results 
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agreed with the findings of Vane (1957), who studied the relation of contraction 


to frequency in isolated left atria which had been severed from their natural 


pace-maker, and which could therefore be driven at very low frequencies. 
The existence of the ‘staircase’ provided a simple opportunity of testing 
the hypothesis of Fig. 1B. Over the range of frequencies corresponding to 
phase 2 in Fig. 2, when the frequency was increased the contractions became 
larger. According to the hypothesis, however, a sudden increase in frequency 
would cause the level of £ to fall, and contractions ought at first to become 
smaller, until the rate of supply of Z was increased in response to the more 
numerous action potentials. The hypothesis predicts that the initial effect of 
an increase in frequency would be to reduce contractions, even in the range 
where @ maintained increase in frequency caused a rise in the contractions. 
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Fig. 2. Composite diagram to illustrate four phases in the relation between frequency and con- 
traction. Ordinate, contraction. Abscissa, frequency of stimulation (log. scale). 


An experimental test of this situation is presented in Fig. 3A. The upper 
trace, reading from right to left, gives a record of contractions. Below each 
contraction is a vertical trace on which is shown a stimulus artifact (S,) 
and externally recorded action potentials from the left atrium (LA) and the 
right atrium (RA). After four beats a second stimulus (S,) was introduced 
midway between the S, stimuli, so that the frequency of stimulation was 
doubled. Although after a further ten beats each contraction was now slightly 
larger than the control contractions, so that the ‘staircase’ effect was estab- 
lished, the first few contractions after the change of frequency were smaller, in 
accordance with the prediction of the hypothesis. Since each contraction was 
larger at double the frequency, the atria were now performing more than twice 
the control amount of work (240%), and according to the hypothesis, when 
the new steady state was established, H must have been supplied to the 
reservoir at more than double the control rate. Consequently, if the frequency 
were now changed back, the first contraction after the change ought to be 


larger than the original controls, since the level of # available would now-be 
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higher. The illustration shows that this did in fact occur, and that thea con- 
tractions subsequently declined along an approximately exponential course 
towards the control value. — 


Cause of potentiation 
The question arose how the increased frequency ultimately caused more than 
a doubling of the output of energy. For example, the size of subsequent con- 
tractions might be determined by the sum of contractions previously occurring 
in a given interval of time, i.e. the stimulus leading to an increase in the size 


Fig. 3. Effect of doubling frequency on contraction and conduction velocity. Records on moving 
film, read from right to left. Horizontal record, contractions; Vertical records (read from 
bottom to top) = records from two pairs of small bipolar external electrodes on left and right 
atria: S,, stimulus artifact (from stimulating electrodes on tip of left atrium); LA, action 
potential from left atrium; RA, from right atrium. The sum of each pair of contractions 
ultimately reached the same value whgther the stimuli were placed at equal intervals (A), 
or unequal intervals (B). 


of the individual contractions might be something associated with the con- 
tractile process itself, such as a product of one of the reactions concerned in 
contraction. Alternatively, the stimulus leading to the increased output of 
energy might be associated with the frequency of the action potentials. The 
experiment shown in Fig. 3B represents an attempt to discriminate between 
these alternatives. In this experiment the frequency was again doubled, but 
instead of the second stimulus S, being placed midway between the S, stimuli 
it was placed just outside the absolute refractory period of the response to S,. 
The sum of the last contraction at the slow frequency and of the contraction in 
response to the first of the intercalated stimuli was larger in A than in B. Yet 
the sum of the second pair, and of subsequent pairs, of contractions was almost 
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identical in the two series, the potentiation ultimately amounting to 242% of 
the control contraction in B as compared with 240% in A. This suggested that 
the stimulus to increased energy output was associated with the frequency of 
the action potentials rather than with a product of contraction. It may be 
noted also that conduction velocity in response to the second of each pair of 
stimuli §,, in B, was much slower than in response to S,. The fact that the 


Fig. 4. Experiment to show that acetyicholine did not interfere with the potentiation of contrac-_ 
tions by increased frequency. Records as in Fig. 3 except that the responses to S, were off 
the screen, and the responses to S, only were seen. A: 8, at first within the refractory period 
after S,, then introduced progressively later after S, until outside refractory period. B: Same 
procedure as in A; between A and B the atria were exposed to ACh 5 x 10-’. Note shorter 
refractory period. | : 


contractile response to the second of each pair of stimuli in B was smaller than 
that to the first was not due to any failure of conduction. Action potentials 
could be recorded from the whole of the atria. The smaller amplitude of the 
action potentials in response to the second of each pair of stimuli in B is 
adequately accounted for by greater dispersion as a result of the slower gon- 
duction velocity, and to the fact that the overshoot is reduced when a second 
action potential occurs soon after the refractory period (see Fig. 5F and G). 
Acetylcholine, although it reduced the size of contractions, did not interfere. 
with the. phenomenon of potentiation illustrated above. In Fig. 4, also reading 
from right to left, the upper trace gives contractions, and the vertical traces 
give the corresponding externally recorded action potentials. At the beginning 
of the figure on the right (A) the atria were being driven at a regular rate, but 
the action potentials in response to S, were off the screen below, in order that 
a faster sweep speed could be used. A second stimulus (S,) was then inter- 
calated between the driving stimuli, but at first was placed so soon after the 
driving stimulus that it was within the absolute refractory period and no 
| | 6-2 
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response resulted. The interval between the driving stimulus and the second 
stimulus was then gradually prolonged, and at the third beat the interval was 
longer than the refractory period and a response followed. The phenomenon of 
potentiation was then exhibited as in Fig. 3B, the sum of each pair of con- 
tractions increasing to 220% of a single control contraction after four double 
beats, with two single beats in the series. Between Fig. 4.4 and 48 the atria 
were exposed to a concentration of ACh 5x 10-’, which reduced the contrac- 
tions to 68% of the controls. The same procedure as in Fig. 44 was then 


- Fig. 5. Simultaneous record of intracellular potentials (upper horizontal trace), contractigns 
(lower horizontal trace), and externally recorded action potentials from left and right, utria. 
Read horizontally from left to right, vertically from top to bottom. A, frequency raised from 
103 to 188/min. B, several seconds later; frequency changed back to 103/min. C, 1 min 
later. D, 20 c/s horizontally; 100 c/s vertically. HZ, steps of 10 mV. F, records from another 
fibre in same preparation; frequency raised from 103 to 266/min. G, return to 103/min. 
(a) Intracellular action potentials. (b) Contractions. (c) Externally recorded action potentials 
from left and right atria. 


repeated; the refractory period was now much briefer, because ACh shortens 
the action potential, but the phenomenon of potentiation was still evident, the 
sum of contractions increasing to 280°, after four double beats. Thus it was 
concluded that if action potentials were able to stimulate the output of energy 
available for contraction they could do so equally well whether they them- 
selves were of short or long duration. 


Intracellular potentials 


The changes in size of contraction and in conduction velocity produced by 
variations in frequency made it of interest to determine what simultaneous 
changes might be occurring in the shape of the intracellular action potentials. 
In Fig. 5, reading from left to right, the upper horizontal trace records intra- 
cellular action potentials. The horizontal trace below it records contractions, 
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and the vertical traces the corresponding externally recorded action potentials. 
In Fig. 5A the atria were being driven at 103 beats/min and the frequency 
was suddenly increased to 188/min. Each contraction ultimately increased by 
12%, so that Fig. 5 A illustrates the operation of the staircase phenomenon, 
and the work done increased to 224%. i 

The resting potential fell from 73-5 to 71 mV when the steady state at the 
new frequency was reached, and the overshoot from 29-5 to 26-5 mV. Both 
recovered to their original values when the frequency was changed back to the 
control rate of 103/min. Conduction velocity decreased when the frequency 
was raised. In contrast to the contractions, which were at first smaller, but 
then rose to a new and higher level, the decrease in conduction velocity was _ 
apparent from the very first beat at the higher frequency, and continued to 
decrease until the new steady state was reached. Similarly, on returning to the 
control frequency conduction velocity immediately increased again on the 
first beat at the lower frequency. In other runs on the same preparation it was 
found that the rate for maximum size of contraction was reached at 145/min, 
and thereafter the size of contractions altered little until the rate reached 210/ 
min. It is of interest that in intact rabbits e.c.g. records showed a natural rate 
of 200-220/min. In so far as comparisons with conditions in vivo are permis- 
sible, after allowing for the difference in temperature (the rate increases 
approximately 10 beats/min per degree centrigrade), and better oxygenation, 
it would seem probable that the natural rate would be in the ‘plateau’ region 
of Fig. 2, and the ‘staircase’ phenomenon is not likely to have much signifi- 
cance in life. 

In Fig. 5F the rate was increased from 103 to 266/min. At this frequency 
the phase of overload had been reached, and the individual contractions were 
reduced by a third. The work done increased to only 187%, in comparison 
with the increase to 224°, when the rate was raised to 188/min. Conduction 
velocity became so slow’that the action potential from the right atrium 
eventually went off the screen, but returned on the first beat when the control 
frequency was restored. The resting potential fell from 73-5 to 69 mV, and the 
overshoot from 30 to 22 mV. | 7 

Detailed comparisons were made in several runs of the effect of frequency 
changes on contraction and on the duration of the action potential, measured 
as follows: (a), half-time for repolarization; from the peak height of the intra- 
cellular action potential to half-way towards the full resting potential; (6), 
duration of repolarization; from the peak height to within 4 mV of the full 
resting potential (this point was chosen arbitrarily, because it was difficult to 
measure the exact moment of return to the full resting potential). To illustrate 
the stability of the phenomena observed, measurements of the duration of 
repolarization (b) and of contraction have been plotted in Fig. 6 from the 
experiment of which extracts have been presented in Fig. 5A-C, and from 
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another run in which exactly the same frequency changes were made. The 

ordinates represent the duration of repolarization in milliseconds and the size : 
of contractions in milligrams, and the abscissae elapsed time in seconds. Itis __ 
evident that, when the frequency was returned from the fast to the slow rate, . 
both the contractions were larger and the duration of the action potential was 
longer, but that the percentage change in duration was less than the percentage 
change in the contraction. This suggested that the contraction itself was : 
associated with an after-potential added to an action potential of fixed length. } 
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Fig.6. Experiment to illustrate stability of relation between frequency and contraction. Ordinates, _ 
‘duration of repolarization, and size of contraction; abscissa, time. ——— effect of a change 


of frequency from 103 to 188/min and back again: --—— effect of an exactly similar change | | 
of frequency 2 min later. The micro-electrode was in the same fibre throughout. — 


In Fig. 7 photographs of contraction and intracellular potential during the last 
beat at the faster frequency (dotted lines) have been superimposed on photo- 
graphs taken during the first beat after restoration of the control frequency. 
It is clear that only the tail of the action potential was prolonged. 

In Fig. 8 contractions and various parameters of the intracellular action | 
potentials have been plotted, to demonstrate the effects of ‘overload’ when 
the frequency was raised from 103 to 266/min, in a run repeating the condi- 

tions of the experiment illustrated in Fig. 5F-G. In Fig. 8A changes in con- 
tractions have been compared with changes in the duration of repolarization 
and in the half-time for repolarization. The percentage changes in half-time _ 
_ were even smaller than the changes in the duration of repolarization, confirming | 
the view that the early part of the action potential was not changed. In Fig. 8B 
the associated changes in resting potential and total height of the action 
potential (the difference between them giving the overshoot) have been : 
_ plotted. Two points are evident. First, that the stability of the measurements , : 
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Fig. 7. Records indicating that the longer duration of repolarization associated with a larger 
contraction could be due to an after-potential. Superimposed records of contraction and 
intracellular potential during the last beat at the fast frequency (dotted line) and the first 
beat on returning to the control frequency, taken from one of the experiments shown in 
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Fig. 8. Effect of a high frequency on contraction and intracellular potential. A: The percentage 
changes in the duration of repolarization were less, and in the half-time of repolarization 
even less stili, than the changes in contraction in response to an alteration in frequency from 
103 to 266/min and back. B: Associated changes in the resting potential, ©, and the total 

oe height of the action potential, @. There was a relatively big reduction of the overshoot 
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was such that although the changes were small, they were highly significant. 
Secondly, that the changes in the overshoot occurred so rapidly, on the first 
beat at each new frequency, that it seemed unlikely that the fall in the over- . 
shoot could have been due to an accumulation of sodium inside the fibre. 

In order to confirm the supposition that the contraction was associated with 
the addition of an after-potential to a finite action potential, in Fig. 9 the con- 
tractions were plotted against the duration of repolarization and half-time for 
repolarization at various frequencies in two experiments. The regressions were 
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Fig. 9. The duration of repolarization and the half-time of repolarization plotted against the size 
of contraction in two experiments. 


reasonably linear, and when the contraction was extrapolated to zero, it was 
evident that the after-potential was superimposed upon a ‘basic’ action 
potential whose half-time for repolarization was about 70 msec and whose | 
duration was about 110 msec. This observation, that the changes in duration 
of the action potential associated with contraction were confined to its 
terminal part, ruled out the possibility that the simultaneous diminution of 
contractions could be responsible for the effect on the duration of the action 
potential produced by ACh, which characteristically altered the shape of its early 
part. Even when contractions are still occurring the half-time for repolarization 
in the presence of ACh may be only 5-8 msec. This point is well illustrated by 
Fig. 2C from a previous paper (Vaughan Williams, 1959c) which shows an 
intracellular potential recorded during the first beat after a period of arrest by 
ACh. Here the half-time for repolarization was less than 10 msec, but the 
action potential ended in a ‘tail’ of low voltage, which is in accord with the 
present evidence, since a large post-arrest contraction would be eens to 
be associated with an after- -potential. 
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DISCUSSION 


Simultaneous measurements of contraction, intracellular potential and conduc- 
tion velocity were made in isolated rabbit atria both beating spontaneously 
and stimulated at different frequencies. When the atria were stopped by acety]- 
choline (ACh) for increasing lengths of time, it was found that the first con- 
traction after the arrest became larger the longer the interval. The hypothesis 
suggested itself that during the period of arrest some substance involved in 
activation was building up inside the fibre at a slow but fairly constant rate, 
and that the size of the contraction was determined by the amount of this 
substance available for release by an action potential or other initial event. 
Extending the hypothesis to normal contractions it was further suggested that 
the amount of the substance made available might be augmented when the 
frequency of stimulation was increased. 

An attempt has been made to test this hypothesis by changing the magnitude 
of individual contractions by stimulation at widely different frequencies. At 
frequencies below 5-10/min (phase 1) contractions were larger the longer the 
interval between stimuli, in agreement with the hypothesis. At frequencies 


between about 10 and 130/min (phase 2), although contractions ultimately 


became larger when the frequency increased (staircase phenomenon), the 
initial effect of an increase in frequency was to reduce the size of contractions, 
again in agreement with the hypothesis. Above 130/min (phase 3), there was 
little change in the size of contractions until about 230/min, whereafter the 
contraction began to decline (phase 4). Trautwein & Dudel (1954) studied the 
effects of frequency on contraction in isolated papillary muscle from cat 
ventricle, and found that contractions increased with increasing frequency up 
to about 280/min, after which they declined. Phase 2 thus passed directly 
into phase 4. They did not observe phase 1, perhaps because they only 
employed frequencies above 30/min, Hollander & Webb (1955), using rat atria, 
found that contractions declined when the frequency of stimulation was raised 
from 200 to 420/min, but they did not investigate the effect of frequencies 
below 200. 
The question arose whether the stimulus to an increased energy output came 
from something associated with the contractile process, i.e. Was related to the 
sum of previous contractions in a given interval of time, or from the increased 
number of action potentials. When the frequency was doubled by giving paired 
stimuli, the potentiation of contraction was ultimately the same whether the 
stimuli were spaced at equal or unequal intervals, even though the-sum of the 
_ contractile responses to the first pair of equally spaced stimuli was greater than 
to the first unequally spaced pair, implying that the factor of importance was 
the frequency of the action potentials. The conclusion drawn was that in 
response to an action potential a finite amount of energy was made available 
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for contraction, but if it was not used in contraction, it was still available 
to be added to the amount released by the succeeding action potential. This 
hypothesis provided a simple explanation for the results of Hoffman, Bindler 
& Suckling (1956), who found that the potentiation of a cardiac contraction 
by a preceding extrasystole was greater the earlier the extrasystole occurred 
after the previous normal contraction; i.e. the smaller the mechanical response 


to the extrasystole, the larger the potentiation of the next contraction. 


Intracellular records 


The duration of the intracellularly recorded action potential was correlated 
with the size of contraction. The shape of the early part of the action potential 
was unchanged, the lengthening being confined to the addition of an after- 
potential to a ‘basic’ potential with a half-time of about 70 msec and a dura- 
tion of 110 msec. The stability and reproducibility of the after-potential argue 
against its being a contraction artifact. Hollander & Webb (1955) may also 
have observed this phenomenon. They stated ‘marked variations of potential 
were often seen near the end of repolarization. One might interpret these as 
negative after-potentials of less than 5 mV, but it is more likely that they were 


artifacts produced by local disturbances.’ They nevertheless concluded that 
there was a correlation between the size of contractions and the duration of 


the action potential, but decided that the longer potentials were the cause of 
the larger contractions and not vice versa. In this respect, there would seem 
to be a clear difference between atrial and ventricular muscle. Hoffman & | 
Suckling (1954) found that in the papillary muscle of the dog heart the duration 
of the intracellular action potential did not vary at frequencies below 60/min, 
but that at frequencies above this the action potential became steadily shorter. 
They did not measure contractions simultaneously, but Trautwein & Dudel 
(1954) did so in cat papillary muscle, and showed a decrease in the duration 


of the action potential between 30 and 400 beats/min, so that the action 


potential was becoming shorter as the contractions became larger. It is 
possible that any after-potential associated with contraction in ventricular 
muscle is masked by the large ‘plateau’ of the ventricular action potential. 
“In contrast to the complex relation between frequency and contraction, 
conduction velocity was always slower when the frequency increased. It was 
observed also that the rate of rise of the action potential was slower. At high 
rates, in phase 4, the overshoot potential was reduced and the resting potential 
fell by a few millivolts. It was improbable that the fall in the overshoot was 
due to an accumulation of intracellular sodium, because the overshoot was 
reduced on the first beat after a change to a fast frequency and was restored 
on the first beat after changing back to the control frequency. | 
The hypothesis discussed above would offer a point of departure for an 
explanation of vagal and sympathetic activity. Noradrenaline, by taking the 
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brake off carbohydrate break-down in accordance with biochemical evidence, 
might proportionately increase the energy made available for contraction in 
response to each action potential. Conversely ACh, by reducing the proportion . 
of activator released, could diminish the absolute size of all contractions with- 
out interfering with their relative potentiation when action potentials were 
more frequent (Fig. 4). This would accord with the views of Sarnoff (1955) that 
small changes in sympathetic and parasympathetic tone have much more 
important effects on the work output of the heart than changes in the diastolic 
‘length of the fibres. 

SUMMARY 


1. Measurements were made of the effects of changes in the frequency of 
stimulation on contraction, intracellular potential and conduction velocity in 
isolated rabbit atria, : | 

2. The relation between frequency and contraction was divided into four 
phases. Below 10/min contractions were larger the slower the frequency (post- 
arrest potentiation). Between 10 and about 130/min contractions were larger 
the faster the frequency (staircase phenomenon). At higher frequencies a 
plateau was reached when there was little change in contraction, until the rate 
reached about 220/min, whereafter the contractions declined. 

3. At high frequencies there was a small but significant fall in resting poten- 
tial, and a much larger fall in the overshoot potential. 

4. The relation of stimulation frequency to conduction velocity was simple. 
Over the whole range, the faster the frequency the slower the conduction 
velocity. 

5. The duration of the repolarization was correlated with the size of con- 
traction. Evidence was obtained that this was due to an after-potential being 
added, in proportion to the magnitude of contraction, to a “basic’ action poten- 
tial with a half-time of approximately 70 msec and a duration of 110 msec. 
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A PERIPHERAL ARTERIAL CONDUCTING MECHANISM 
“UNDERLYING DILATATION OF THE FEMORAL 
ARTERY AND CONCERNED IN FUNCTIONAL 
VASODILATATION IN SKELETAL MUSCLE 


| By 8. M. HILTON 
From the National Institute for Medical Research, Mill Hill, London, N.W. 7 


(Received 29 April 1959) 


The concept of vasodilator metabolites diffusing through the interstitial fluid 
to act directly on the vessel walls has never accounted adequately for the vaso- 
- dilatation observed in a contracting muscle; for this dilatation is not confined 
_ to the capillaries and arterioles, but extends to the small intramuscular arteries 
and even to the larger arteries outside the muscle. In previous experiments, in 
which the vasodilatation. was registered by the increase in venous outflow 
from the muscle, the post-contraction hyperaemia was thought to be produced 
in the main by an axon reflex in vasodilator nerve fibres, for it was grossly 
impaired by local anaesthetics, botulinum toxin or large, ‘paralysing’ doses of 
nicotine (Hilton, 1953, 1954). However, the nature of any nerve fibresinvolved _ 
remained obscure, since the post-contraction hyperaemia was not affected 
by chronic lumbar sympathectomy or posterior root ganglionectomy. 

It was shown over twenty years ago that the femoral artery itself dilates 
after contraction of the muscles of the lower leg, even when all the nerves to 
the limb are divided (Schretzenmayr, 1933; Fleisch, 1935). This reaction 
therefore had also been thought to be due to an axon reflex. It was abolished 
_ by local application to the artery, below the site of measurement, of phenol 
or cocaine, hence the responsible conducting elements appeared to run in the 
artery wall. Experiments now carried out on this dilator response of the 
femoral artery have confirmed these findings. Further, the femoral artery re- 
sponse has been found to be affected by drugs and surgical procedures in exactly 
the same way as the major part of the post-contraction hyperaemia. They both 


appear to be part of one and the same vascular reaction with a common 


conducting mechanism, and, since no known system of nerve fibres can be 
shown to be responsible, it is suggested that the conduction is effected ne: the 
smooth muscle of the artery wall. 
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METHODS 


The experiments were performed on cats under chloralose anaesthesia (75 mg/kg), the choralose 
being administered intravenously after preliminary anaesthetization with ethyl chloride and ether. 
The trachea was cannulated, and so also was the left common carotid artery for registering the 
arterial blood pressure with a mercury manometer. 

To study the response of the femoral artery, a 2 cm length was prepared for enclosure in a speci- 
ally constructed oncometer. Through an incision high in the inguinal region along the line of the 
femoral vessels the fat lying across Poupart’s ligament was ligated and divided. The femoral 
artery was freed from the surrounding tissues, from the ligament above to the origin of the pro- 
funda vessel below. First, the adventitial covering of the femoral vein was opened, and it was 
separated from the vein on the side next to the artery. Then the fascia lateral to the femoral artery 
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Fig. 1. Diagram of apparatus used for photo-electric recording of femoral artery volume. 


and nerve was split lengthwise. Finally, a forceps was passed deep to the fascia under the artery 
and nerve from the first opening to the second. The adventitia of the artery is so fragile and so 
loosely attached to the vessel that it was often torn; and in several experiments the femoral 
nerve was detached from the artery in spite of every precaution taken during the procedure. 
Apparatus for measuring volume changes of the femoral artery. The apparatus was in principle a 
simple volume plethysmograph (see Fig. 1). The part of the oncometer designed to enclose the 
isolated section of femoral artery was made in two sections, an upper hemicylindrical shell with a 
tube sealed in at the top towards one end, anda lower base plate, all made in Perspex. The base 
plate was 4 mm deep, with a shallow groove along its length on the upper side. In most experi- 
ments this groove was lined with a thin layer of ‘ Plasticine’, to make a soft bed for the artery 
to rest in. In later experiments, when it was suspected that ‘Plasticine’ might be toxic to the 
vessel, the artery was allowed to rest directly on the Perspex groove. The base was thin enough 
to avoid tension being exerted on the artery when it rested-in the groove. The end walls of the 


> 
as 
t 
6 watt 
bulb 
( 
> 
base 
4 
7 


PERIPHERAL ARTERIAL CONDUCTING MECHANISM 9% 


shell were grooved a little more deeply, sufficiently to fit round the vessel without compressing it. 
A rectangular sheet of thin rubber dam was sealed to the walls of the open end of the shell. The 
diaphragm so made was loose, so that it could fold round the vessel when the shell was in position. 
The outer sides of both the base plate and the shell were ridged transversely, half-way along their 
length, so that, when they were in position one over the other, a ligature could be tied round to 
hold them together. 

The upper part of the oncometer was connected by polyethylene tubing to a vertical glass 
capillary tube and a glass syringe, and the whole was filled with a 1% solution of water-soluble 
nigrosine to which filtered Teepol had been added. This solution was opaque to light, in the thick- 
ness of the bore of the capillary. The syringe made it possible to adjust the level of fluid in the tube 
when required. The top of the column of fluid was about 10 cm above the artery under resting 
conditions: this ensured that the rubber diaphragm was well enough applied to the artery to 
follow closely the changes in its volume. | 

The apparatus is shown diagrammatically in Fig. 1. The capillary was held in an enclosed 
compartment, illuminated through a vertical slit in front of the capillary by a parallel beam of 
light. Behind the capillary was a photocell. The width of the slit was adjusted so that no light fell 
on the photocell when the capillary tube was full of nigrosine solution. So long as the column of 
fluid was not less than 1 cm high, the intensity of illumination of the photocell varied inversely 
with the height of the column of fluid in the tube. The voltage generated by the photocell was 
amplified, and recorded with an ink-writing ammeter. The sensitivity of the apparatus, and the 
extent of the changes that were being measured is indicated by the fact that, for an artery with a 
diameter of 2-0 mm, one main scale division of the ammeter record corresponded to a change in 
artery diameter of 20 pu. 

_When solutions of drugs were to be applied directly to the femoral artery, the vessel was 
separated from’ the surrounding tissues for an extra distance down the leg of about 2 om. The 
adductor muscles had usually then to be incised for a short distance, in order to uncover the artery 
as it passed deep to them. When arterial injections were to be made, the profunda branch of the 
femoral artery was prepared for cannulation. 

The sciatic nerve was prepared for stimulation in the mid thigh. The nerve was cut central to 
the stimulating electrodes. 

When the muscle was stimulated directly, needle electrodes, insulated except for a few milli- 
metres at the tips, were pushed into the gastrocnemius, one high in the belly of the muscle and the 
other into the Achilles tendon. 

In some experiments the artery was clamped temporarily, distal to the oncometer, with a 
specially prepared bulldog clamp, which had been weakened by twisting an elastic hand round the 
corrugated finger-rests, to maintain a degree of tension such that the ends of the clamp would 
only just close. Thin rubber tubing was slipped over the ends of the clamp, so that it would again 
grip, but gently and with even pressure. 

In some experiments the post-contraction hyperaemia was examined in the normal and 
chronically denervated gastrocnemius and soleus muscles, and in muscles poisoned with botu- : 
linum toxin. For these experiments the venous outflow was recorded as previously described 
(Hilton, 1953; Hilton & Lywood, 1954). To poison the muscles with botulinum toxin, 25,000 
mouse LD,, of type A toxin was injected aseptically into the gastrocnemius under ether anaes- 
thesia 1-3 days before the actual experiment, as previously described (Hilton, 1953). 

In different groups of animals nerves and nerve roots were divided aseptically under pento- 
barbitone anaesthesia some time before the actual experiments. 


RESULTS 
Dilator response of the femoral artery after a 10 sec tetanus | 
The femoral artery dilated after a 10 sec tetanus of the muscles of the lower 
leg in over half of the experiments. A typical response is shown in Fig. 2. 
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‘The dilatation, which was preceded by a small reduction in volume, usually 


commenced 18-20 sec after the beginning of the tetanus and reached a 
maximum in 40-50 sec. The artery then slowly returned to its previous size, 
which was reached after 2-5-5 min. The maximum corresponded to a deflexion 
of from a half to three main scale divisions of the ammeter record in different 
experiments. Usually it was one to one-and-a-half scale divisions, corres- 
ponding to an increase in diameter of the artery of 20-30 w. The duration of 
the dilator response was related to the size of its maximum. The largest re- 


_ sponses were also the longest; the rates of development and decay ran closely 


parallel with those of the post-contraction hyperaemia observed in the gastro- 
cnemius muscle (Hilton, 1953). The only difference in the time course of the 
two responses was that the post-contraction hyperaemia commenced within 
a few seconds, whereas the dilator response of one femoral artery started after 
a latency of about 20 sec. 

Schretzenmayr (1933) had already commented on the fact that the dilator — 
response could not be obtained in all experiments. In the present study an 
attempt was made to find the reason for this inconsistency of the dilator re- . 


sponse. The age of the cat was found not to be a factor. Neither was the 


elasticity of the artery, which could be gauged from the extent to which 
the oncometer tracing reflected the changes in blood pressure and in par- 
ticular the small fluctuations due to the pulse wave. Since a dilator response 
was obtained in about half the experiments, whether or not ‘Plasticine’ 
was used to pad the oncometer groove, toxic substances originating from the 
‘Plasticine’ could also be excluded. The only factor which often made a dif- 
ference was the arterial blood pressure. When the pressure was low, the re- 
sponse tended to be small or absent, but when a dilator response weakened on 
account of a falling blood pressure, it was often possible to restore it by raising 
the blood pressure by intravenous administration of dextran solution or of 
vasopressin. This shows that the vessel wall when relatively unstretched does 
not increase in length in response to stimuli which would otherwise be effective. 
The critical value of the blood pressure for appearance of the response was 
usually 90-100 mm Hg, but it was sometimes as low as 70 mm Hg and occa- 
sionally as high as 190-220 mg Hg. However, in a little under half the experi- 
ments no dilator response could be obtained even when the pressure was 
raised to this high level. 

In those experiments in which muscular contraction did not lead to the 
dilator response an immediate reduction in volume of the artery was always 
present and usually pronounced. This effect is probably due to the decrease in 
lateral pressure exerted on the artery wall, resulting from the increased rate 

of blood flow through the vessel. A similar explanation was given by Fleisch 
(1935) for the slight reduction in volume of the.femoral artery preceding the 
dilatation produced by injection of vasodilator drugs into a branch of the 
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femoral artery distal to the oncometer. This explanation is supported by — 
results obtained with lumbar sympathetic stimulation before and after 
_ phentolamine. Stimulation of the sympathetic chain just above the fifth 

lumbar ganglion, which produced vasoconstriction in skin and muscle and 
slowed the blood flow through the limb, caused a small increase in femoral 
artery volume. This increase is much smaller than the dilatation occurring 
after a 10 sec tetanus, as is seen by comparison of the effects in Figs. 2 and 3. 


< dilatation 


Artery volume; 


ig. 2. Cat, 3-5 kg. Records of femoral artery volume, and of arterial blood pressure. 


At signal, stimulation of sciatic nerve (10 sec at 40/sec). 


When sympathetic constrictor effects were abolished by phentolamine (1 mg/kg 
_ Intravenously) the stimulation no longer —_— an increase in femoral 
artery volume (Fig. 3). 

The dilator response following a 10 sec tetanus was not diminished by intra- 
venous atropine (1 mg/kg), phentolamine (1 mg/kg) or mepyramine (5 mgpkg). 
Atropine in fact sometimes potentiated the response; such a result is illus- 
trated in Fig. 4. The post-contraction hyperaemia was also sometimes poten- 
tiated by atropine and was not affected by phentolamine or soe gone 
(Hilton, 1953). 

The dilator response following a 10 sec tetanus was abolished by a large 
dose of nicotine injected arterially into the muscle, as is shown in the experi- 
ment of Fig. 5. The nicotine (1 mg) was injected through a side branch into 
the femoral artery distal to the oncometer and immediately afterwards the 
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artery was occluded for 2 min below the side branch, to retain the bulk of the 
nicotine in the muscle. Ten minutes later when the neuro-muscular block 
_ initially produced by the nicotine had practically disappeared, sciatic nerve 


< dilatation 


Artery volume; 
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(a) (b) 
Fig. 3. Cat, 2-2 kg. Records of femoral artery volume, and of arterial blood pressure. At signals, 
stimulation of lumbar sympathetic chain ie sec at 20/sec) before (a) and after (b) arterial 
injection of 1 mg phentolamine. _ 
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(a) (b) 


Fig. 4. Cat, 26 kg. Records of femoral artery volume, and of arterial blood pressure. Effect of 


intravenous injection of 1 mg/kg atropine between (a) and (b). At signals, stimulation of 
sciatic nerve (10 sec at 40/sec). 


stimulation evoked muscular contractions nearly as strong as before the injec- 


tion, but the dilator response was almost abolished (Fig. 5b). In other experi- - 


ments the response was fully abolished. Large doses of nicotine have the same 
action on the post-contraction hyperaemia (Hilton, 1954). 
The dilator response following sciatic nerve stimulation for 10 sec was 
abolished after an intravenous injection of tubocurarine in a dose sufficient 
to block neuromuscular transmission. Direct stimulation of the curarized 
muscle, though it led to strong contractions, caused only a greatly reduced 
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and delayed dilator response, as is shown in the experiment of Fig. 6. It is not 
certain to what extent this weakening of the response was accentuated by the 
fall in arterial blood pressure following the injection of curare, and to what 
extent it was a sign of a true impairment of the response. In previous experi- 
ments the post-contraction hyperaemia resulting from direct stimulation of 


Artery volume; 
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Fig. 5. Cat, 3-1 kg. Records of femoral artery volume, and of arterial blood pressure. At signals, 
stimulation of sciatic nerve (10 sec at 40/sec), (a) before and (b) 10 min after arterial injection 
' of 1 mg nicotine tartrate. 


Artery volume; 
< dilatation 


(a) (b) (c) 

Fig. 6. Cat, 2°8kg. Records of femoral artery volume, and of arterial blood pressure. Effect 
of intravenous injection of 1 mg tubocurarine chloride between (a) and (b). At signals (a) 
and (6) stimulation of sciatic nerve (10 sec at 40/sec). At signal (c) direct stimulation of the 
muscle, 


_ the curarized muscle had also been shown to be much smaller than the hyper- 


aemia following sciatic nerve stimulation in the non-curarized animal (Hilton, 
1953). | 
Dilator responses of the femoral artery to drugs injected arterially 
distal to the oncometer 
The dilator response of the femoral artery occurs not only following a 


tetanus of the lower leg muscles, but also after arterial injection of drugs 
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distal to the oncometer, as was shown by Fleisch (1935) for acetylcholine, 
histamine and a number of intermediary metabolites. The procedure adopted 
in the present experiments was to inject the drugs in a volume of 0:1 ml., 
and to take 5 sec over each injection, so that the drug should not ascend and 
enter the section of the artery in the oncometer. Acetylcholine, histamine, 
bradykinin and nicotine were all found to produce the dilator response, their 
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Fig. 7. Cat, 3-1 kg. Records of femoral artery volume, and of arterial blood pressure. Effects 
of injections into a peripheral arterial branch of ACh, (a) 0-1 yg, (b) 0-01 wg and (c) 0-001 yg; 


of histamine, (d) 0-01 ug and (e) 0-1 ug; and of nicotine, (g) 10 wg and (hk) 100 wg. At (/) 
effect of stimulation of sciatic nerve (10 sec at 40/sec). 


comparative activities being such that the effect of 0-01 ug acetylcholine | 


corresponded approximately to that of 0-1 wg histamine, 0-1 ug bradykinin 
(Rocha e Silva’s ‘standard’ preparation) and 100 yg nicotine. The results 
of a typical experiment with acetylcholine, histamine and nicotine are illus- 
trated in Fig. 7. Threshold doses of these drugs were usually found to be 
approximately one-fifth to one-half the doses just cited; occasionally they 
were lower as, for instance, in the experiment illustrated in Fig. 7. They 
tended to be higher in experiments in which it was difficult to obtain a dilator 
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response after muscular contraction, and they failed to produce an effect in 
those where muscular contraction produced no dilator response. In these 
experiments the section of the femoral artery in the oncometer dilated when 
the drugs were introduced into it by clamping the vessel distal to the side 
branch used for injection. A similar result had been obtained by Fleisch 
(1935). This directly induced dilatation of the femoral artery, in experiments in 
which the injection of drugs without clamping the artery failed to produce 
the dilator response, provides good evidence that with the method of injec- 
tion usually employed the drugs do not reach the part of the artery in the 
oncometer. | 

Atropine (1 mg/kg intravenously) selectively abolished the dilator response 
to acetylcholine (ACh), and mepyramine (5 mg/kg intravenously) abolished 
that to histamine. Since the response to muscular contraction was not affected 
by either atropine or mepyramine, the chemical stimulus which gives rise to 


it, and which originates in the muscle, is probably neither acetylcholine nor 
histamine. | 


Evidence for a peripheral conducting mechanism as mediator of the — 
dilator response 

The dilator response of the femoral artery is not the result of a spinal reflex 
or of a substance circulating in the blood stream, as has already been shown 
by Schretzenmayr (1933) and by Fleisch (1935) and confirmed by the present 
findings; for the response is obtained when the femoral and sciatic nerves are 
cut, but it does not appear in the femoral artery of the limb opposite to that 
in which contraction has been evoked by sciatic nerve stimulation. Schretzen- 
mayr (1933) also excluded the possibility of an efferent pathway entering the 
limb along the artery wall by showing that the response was still obtained 
after the artery had been painted with phenol central to the part in the onco- | 
meter. In fact, the response is produced by conduction from the periphery 
along the wall of the artery. When a pledget soaked in 5% cocaine solution 
had been wrapped round the artery distal to the oncometer, the dilator response 
was abolished within 5-10 min. Similar results had been obtained, using not 
only cocaine but also phenol and 40% formalin, by Schretzenmayr (1933) and 
Fleisch (1935). In the present experiments the section of the artery that had 
been soaked with the 5° cocaine solution was found to present a fusiform 
enlargement. As this subsided the response began to return. When 1 % cocaine 
solution was used, the response was only slightly reduced. 

Final proof that conduction along the wall of the artery is necessary for the 
response was proyided by experiments in which the femoral artery was divided 
below the oncometer. Flow was re-established by cannulation of the cut ends 
of the vessel. Thereafter the dilator response was no longer obtained, as is 
shown in Fig. 8. 
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Experiments on velocity of conduction in the artery wall 
Fleisch (1935) had shown, in his analysis of the dilator response produced 


by acetylcholine injections, that the artery could be clamped gently below 
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170 


Fig. 8. Cat, 23 kg. Records of femoral artery volume and of arterial blood pressure. Between 


(a) and (6), femoral artery divided below oncometer and reconnected by cannulation. At 
signals, stimulation of sciatic nerve (10 sec at 40/sec). 
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Fig. 9. Cat, 3-5 kg. Records of femoral artery volume, and of arterial blood pressure. Effect of 
clamping femoral artery below oncometer. At signals ( tt ), stimulation of sciatic nerve 
(10 sec at 40/sec). Artery clamped at arrows ( }) and unclamped at arrows ( | ). 


the plethysmograph in such a way that conduction up the artery wall wa: 
temporarily abolished while the clamp was in position. By this means ‘ic 
established the time at which impulses (or whatever else underlies the respon: °) 
started to arrive at the section of the artery at which the clamp was applic 1. 
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This was found to be about 10-20 sec after an injection of acetylcholine had 
been made. In the present investigation, by the same method, this interval 
of time was determined for responses evoked by muscular contraction. A 
typical experiment is illustrated in Fig. 9 in which are shown the effects on the 
femoral artery of three successive 10 sec tetani produced by sciatic nerve 


_ stimulation. The dilator response at (a) was that obtained without clamping 


the artery. At (b) the artery was gently clamped just below the oncometer 
at the 18th second, and at (c) at the 19th second, after the beginning of the 
contraction. The clamp was removed at the 45th and 27th seconds respectively. 
It is seen that at (c) dilatation commenced after the clamp had been applied 
and while it was still in position, but that at (b) dilatation did not occur until 
the clamp was removed. ‘Impulses’ had therefore started to arrive at the 
clamping point just peripheral to the plethysmograph some time between the 
18th and 19th second after contraction had commenced. In the experiment of 
Fig. 9, a somewhat reduced dilator response developed after removal of the 
clamp at the 45th second (at (6)). This suggests that ‘impulses’ were still 
arriving at the site of application of the clamp at this time. A larger dilator 
response developed when the clamp was removed at the 27th second (at (c)), 
probably because conduction along the artery wall was blocked for a shorter 
time. In further experiments of this kind it was found that ‘impulses’ con- 
tinue to arrive at the upper end of the femoral artery until about the 90th 
second after the beginning of a 10 sec tetanus. Since the dilator response 
lasted up to 5 min in experiments without clamping, the vasodilatation con- 
tinues for several minutes after ‘impulses’ have ceased to arrive. 

On the same cat as that used for Fig. 9 similar experiments were performed 
with the clamp placed on the artery not immediately below but at a point 
10 cm distal to the oncometer, just above the origin of the gastrocnemius 
branch. The dilator response then appeared when the clamp was closed at the 
18th second after the beginning of muscular contraction, but not when it was 
closed at the 17th second. Thus ‘impulses’ producing the dilator response 
reached the site of origin of the gastrocnemius branch of the femoral artery 
between the 17th and 18th second after the beginning of contraction and they 
travel the 10 cm distance between the two sites at which the clamp was 
applied in roughly 1 sec. These clamping experiments were repeated on dif- 
ferent preparations and always with the same result. Often it was possible to 


_ carry out a large number of clamping experiments on the same preparation 


and the results were surprisingly consistent. 


The nature of the conducting system 


A rate of conduction of the order of 10 cm/sec, as shown by the above 
experiments, is too slow for any known system of nerve fibres. Even the 
slow C fibres that run in the sympathetic nerves from the colon to the inferior 
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mesenteric ganglion conduct at about 250 cm/sec (Brown & Pascoe, 1952; 
McLennan & Pascoe, 1954). There is, however, another possibility, that of 
conduction in the smooth muscle of the vessel wall. In favour of this sugges- 
tion are the following findings which show that none of the known fibre’ 
systems mediates the response. : 

Nerve fibres of the posterior root system are thought to be the principal 
fibre constituents of the plexug-n the adventitia and between the adventitia 
and media of the larger arteries. If these fibres were involved in an axon 
reflex producing the dilator response of the femoral artery, removal of the 
adventitia should abolish the response. Such removal, however, had no effect. 
The response, moreover, persisted after degeneration of the posterior root 
fibres. Such experiments were performed on three animals in which the 
posterior root ganglia L6-S 2 were removed 15 days before the final experiment. 
The dilator response of the femoral artery was obtained in two of these 
experiments. 

The sympathetic nerve ‘oni in the media is not seapousilde for the reac- 
tion ; for chronic lumbar sympathectomy did not abolish the dilator response. 
In two animals the right lumbar sympathetic chain was removed and in one 
animal both chains were removed, and the dilator response was tested 
2 weeks later. It. was present in all three experiments and, if 2 it was 
increased. 

Fibres running in the ventral roots do not mediate the response. In three 
animals the ventral roots L6-S2 were cut, and 15-18 days later arterial injec- 

tions of ACh were made into the paralysed lower leg) muscles, The injections 
produced the response in all three animals. 

In striking contrast to these results, however, sciatic nerve section, stich 
leads to complete denervation of the muscle and its vessels, abolished the 
dilator response of the femoral artery. The nerve section was performed in 
twelve cats. In none of them could a dilator response of the femoral artery 
be elicited 1-2 weeks later, either when the gastrocnemius and soleus muscles 
were stimulated directly, or when acetylcholine or histamine was injected 
arterially into the muscles of the lower leg. In all the experiments the femoral 
artery of the opposite leg was used as control, and the dilator response was 
obtained in five of these. 

These results suggest that the sympathetic and somatic innervations to- 
gether maintain the normal activity of the peripheral conducting mechanism. 
When considered together with the previous finding that botulinum toxin, 
which selectively inactivates cholinergic neurones, practically abolished the 
post-contraction hyperaemia in 2-3 days (Hilton, 1953), they suggest, more 
specifically, that the proper functioning of the peripheral conducting mechan- 
ism depends on the integrity of the sympathetic vasodilator and the motor 
innervation. These are the two groups of nerve fibres which lead to extensive 
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dilatation of the muscle vessels. They are cholinergic, while the posterior root 
fibres, which are not, have never been shown to exert any influence on muscle 
blood flow (Celander & Folkow, 1953; 8. M. Hilton, unpublished observations). 
To test this idea, three chronically sympathectomized cats were submitted to 
ventral root section. In no case could a dilator response to muscular contrac- 
tion be obtained on the operated side, though in one a dilator response was 
produced by an injection of 0-1 ug ACh. By contrast, the dilator response 
was retained in three sympathectomized cats 2 weeks after posterior root 
ganglionectomy. 


Rate of blood flow (arbitrary units) 


X— 
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Time from end of contraction (min) 


Fig. 10. Rates of venous outflow from gastrocnemius muscles, calculated from records obtained 
with the Gaddum drop-timer. Changes in rates of flow resulting from 10 sec tetani of 5 kg 
strength in normal ( x — x — x ), chronically denervated (O-O-O) and botulinized (@-@-@) 
muscles. The curve for chronically denervated muscles represents an average of four experi- 
ments; the other two are averages of five experiments each. 


Effect of chronic denervation and botulinum toxin on the post-contraction 
 hyperaemia in the gastrocnemius muscle 

In view of the finding that the dilator response of the femoral artery was 
abolished 8-15 days after sciatic nerve section, the post-contraction hyper- 
aemia was also examined at this time after sciatic nerve section. A tetanus 
produced in the chronically denervated gastrocnemius and soleus muscles’ by 
direct stimulation did lead to a hyperaemia, but it was smaller than that 
obtained following tetani of the same strength in normal muscles. These 
hyperaemia responses could be compared, as the resting level of blood flow 
was much the same in denervated as in normal muscles. The average increase 
in flow resulting from the strongest contractions obtained was just over 50% 
of that following tetani of the same strength in normal muscles. This is 


shown in Fig. 10. In other experiments in which direct stimulation of the | 


chronically denervated muscles did not produce strong contractions, scarcely 
any post-contraction hyperaemia was obtained. In contrast, the vascular 
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response to dilator substances, such as ACh and histamine, was enormously 
enhanced. 

The finding of a redticed post-contraction hyperaemia after degenerative 
section of the sciatic nerve led to a re-examination of the effect of botulinum 
toxin, for in previous experiments in which it was shown that the toxin 
practically abolished the post-contraction hyperaemia (Hilton, 1953) a neon 
stimulator had been used and the contractions obtained had been. weaker 
than those of the normal muscles. In the present experiments a square-wave 
stimulator was used and it was possible, 1-3 days after injection of the toxin, 
to obtain contractions of the paralysed muscle that were comparable with those 
usually obtained with normal muscles. These stronger contractions did pro- 
duce a hyperaemic response, but it was considerably smaller than that 
following the standard tetanus, though the resting level of blood flow was 
much the same as in normal muscles. As is shown in Fig. 10, the average 
increase in flow in the case of the muscles poisoned with botulinum toxin was 
20° of that in the normal muscles. As in the surgically denervated muscles 
_ the vascular responses to dilator substances, such as ACh and histamine, were 
again enormously enhanced. 


DISCUSSION 


The dilator response of the femoral artery, which is seen after muscular con- 
traction and in response to arterial injections of various substances into the 
lower limb, was ascribed by Schrezenmayr (1933) and Fleisch (1935) to im- 
pulses conducted from the periphery of the limb along the artery wall. The 
present results accord with that conclusion. They show that the response is 
not a spinal reflex, because it remains unaffected when the nerves to the limb 
have been cut; that it is not produced by a direct action on the femoral artery 
of some circulating substance, because only the artery of the stimulated limb 
responds; but that it is abolished by applying cocaine locally or by dividing 
the artery below the site of measurement. The velocity of conduction was 
found.to be too slow for conduction in nerve fibres, and too quick to be due to 
a vasodilator substance carried by the lymph, a possibility which was also 
excluded by the finding that the response was not affected when the adventitia 
was stripped from the vessel. 3 

The dilatation travels centrally along the vessel wall as a wave of relaxa- 
tion. The extent of the dilatation of the femoral artery is too small to be of 
much significance for the post-contraction hyperaemia in the active muscles. 
Even with the largest responses, the diameter of the artery, originally about 
2 mm, increased by some 60 4, which by itself would only increase the rate of 
flow through the vessel by at most 15°, whereas the increase in rate of flow 
through the vessel following muscular contraction can be as much as 1000%. 
However, as the vasodilatation has spread along the artery wall from the 
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periphery it must have involved the smaller arteries as well, where the effect 
on the flow will be correspondingly greater. 

In previous experiments on the post-contraction hyperaemia of skeletal 
muscle (Hilton, 1953, 1954) it was concluded that this vascular reaction involves 
a peripheral conducting mechanism. The striking resemblance between the 
post-contraction hyperaemia and the dilator response of the femoral artery 
suggests that the same peripheral conducting mechanism underlies both 
reactions. This resemblance is shown as follows: (1) The time relations for the 
development and disappearance of both responses were very similar, when the. 
delay of a few seconds required for spreading to the femoral artery is taken 
into account; (2) both vasodilatations resulted from muscular contractions,. 
and were not obtained by nerve stimulation after administering curare; 
(3) both were unaffected by atropine, phentolamine or mepyramine; (4) both 
were abolished by cocaine and nicotine in large doses; (5) both were affected 
similarly by chronic denervation, partial and total, of the muscles of the lower 
leg. 
Because of the lack of any evidence that either the posterior root system or 
the sympathetic is involved in these responses, it is very unlikely that an. 
axon reflex is the underlying basis of the peripheral conducting mechanism, 
as was previously suggested (Schretzenmayr, 1935; Fleisch, 1935; Hilton, 
1953, 1954). In fact, no known system of nerve fibres can be shown to be 
responsible. On the other hand, complete nerve degeneration following 
section of the sciatic nerve greatly impaired the function of the peripheral 
conducting mechanism, as is shown by the large reduction of the functional 
hyperaemia in muscle and the abolition of the dilator response of the femoral 
artery. These findings are closely paralleled by other observations, in which 
blood vessels have been studied directly under the microscope, and which have 
given similar results after the different forms of denervation. Krogh (Krogh, 
1920; Krogh, Harrop & Rehberg, 1922), for example, obtained arterial and 
| capillary dilatation in the tongue and web of the frog, which behaved in the 
same way. In the web a chemical stimulus, such as that due to iodine or 
silver nitrate, produced a dilator reaction which spread over a very wide area, - 
far beyond the part of the web between the toes where the stimulus was applied. 
This dilator reaction also was unaffected by sympathetic nerve degeneration, 
was only temporarily weakened after removal of the posterior root ganglia 
and was abolished after degenerative section of the sciatic nerve, although 
: it reappeared 100-150 days after the operation. 

; Krogh (1922) discussed the possibility that there is a network of fibrils 

which extends over arteries, arterioles and capillaries, being especially close- 
meshed along the arteries. Such a nerve network is generally recognized in 
, the wall of the intestinal tract, the cells giving rise to it being called inter- 
stitial cells; but the position with regard to blood vessels is not clear. As 
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early as 1911 Cajal produced histological evidence for the existence of such a 
network of fibrils in blood vessels, which has since been repeated by various 
histologists (Leontowitsch, 1930;- Boeke, 1940; Nelemans, 1948; Meyling, 
1949), though its validity has been questioned by others (e.g. Nonidez, 1936). 
Many histologists believe that the stains used for demonstrating the network 
have shown up a connective tissue reticulum, while the — are thought to bea 
special type of Schwann cell. 

The most recent complete description of a nerve network associated with 
blood vessels is that given by Nelemans (1948) in his study of the innervation 
of the finest vessels of the frog’s tongue. After division of the hypoglossal 
and glossopharyngeal nerves, the affinity of this nerve network for methylene | 
blue was diminished, but it was otherwise normal. The strands were normal 
after cervical sympathectomy. However, 20-60 days after excision of the 
hypoglossal and glossopharyngeal nerves combined with bilateral cervical 
sympathectomy, the nerve network became progressively more difficult to 
stain. The perivascular plexus did not degenerate, however, and, after 60- 
90 days, the staining properties had shown some recovery. 

_ Here, then, is a description of a peripheral nerve plexus which is exactly 
that required by the results of the experiments described in the present investi- 
gation. However, since doubt exists about this type of histological evidence, 
other possibilities must be considered. The most likely alternative is that the 
response is conducted by the smooth muscle of the vessel wall. Electro- 
physiological evidence for conduction in smooth muscle has been demonstrated — 
already for the circular muscle and taenia coli of the intestine (Prosser & 


Sperelakis, 1956; Biilbring, Burnstock & Holman, 1958), the rate being from 


about 5 to 20 cm/sec, remarkably like that found by the much cruder tech- 
nique of the present experiments. 

Whatever the final answer. on the nature of the conducting system, the 
existence of propagated vasodilatation seems to be without doubt, and the 
close resemblance between Krogh’s (1920) results with the vessels of the frog’s 
web and ours with post-contraction vasodilatation in the cat suggests that this 
peripheral mechanism is more widespread than might otherwise be expected. 
It may participate in other local vasodilator reactions which have hitherto 
been attributed to axon reflexes. The disappearance of the flare response in 
human skin after degenerative section of the mixed peripheral sensory nerves 
may be comparable to the disappearance of the propagated post-contraction 
effect after sciatic nerve section. It is more striking, however, that as in 
Krogh’s experiments, some of these other vasodilator responses have also 
been shown to return in skin which is still denervated. This is seen, for instance, 


- in the local response to cold not only in man but also in the rabbit. Lewis 


(1930) demonstrated that in the skin of the human finger during immersion 
in cold water the constriction due to the direct action of the cold gave way 
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to dilatation, often causing a phasic rise and fall of skin temperature. This 
dilator reaction, like the flare of the triple response, was attributed to an 
axon reflex in sensory nerve fibres, because it was not obtained in a finger 
the sensory nerve supply of which had degenerated. Greenfield, Shepherd 
& Whelan (1951) have shown, however, that a small response does sometimes 
occur in such a denervated finger, and that this response can be greatly in- 
creased if the finger has been previously heated to 42° C for 20 min. A similar 
vasodilator response to cold, affecting the arteries and arteriovenous anasto- 
moses, is readily produced in the rabbit’s ear (Grant, Bland & Camp, 1933). 
It cannot be a direct effect of cold on the vessel wall, since it is observed out- 
side the area of cooling. It is unaffected by atropine and is obtained in a 
chronically denervated ear one month after the preliminary operation. 
Another vascular reaction of a similarly extensive kind occurs following 
the injection of a few minute bubbles of gas into the brachial artery in man. 
This produces a widespread and long-lasting dilatation of the vascular tree, 
as evidenced by a three- to fourfold increase in blood flow through the arm. 
The vasodilatation must extend far beyond the site at which the bubbles will 
have lodged (Duff, Greenfield & Whelan, 1954), yet the response was also 
obtained in limbs completely denervated, in one subject for 10 months and in 
another for 3-4 years. 
There is thus evidence for a peripherally maintained conduction system in 
the blood vessels of skeletal muscle, and of skin, in widely different vertebrates, 
including man. Its activity is impaired after degeneration of the nerve supply 
to the part, but some recovery can occur. This system, which is activated by 
a variety of stimuli, ensures a reasonably widespread vascular response to a 
local stimulus. In the post-contraction effect it will readily produce dilatation 
of the large intramuscular arteries; in the salivary gland it. could account 
for the opening of the arterio-venous anastomoses when the vasodilator 
metabolite, plasma kinin, is being formed in the vicinity of the gland cells 
(Hilton & Lewis, 1955a, b); in human forearm skin it could be responsible for 
the dilatation of the superficial vessels during body heating, when the bodies 
of the sweat glands sa i plasma kinin (Fox & Hilton, 1958) are deep in 
the dermis. The widespread opening up of collateral arterial channels which 
follows sudden arterial occlusion has never been explained, and this too may 
well be brought about by the spreading vasodilator reaction, activated by 
asphyxial products formed in the ill-nourished tissues. The dilator response 
of the femoral artery is known to be produced by many such substances, 
particularly hydrogen ions (Fleisch, 1935). 
- This peripheral conducting mechanism would thus constitute an important, 
if a relatively primitive, means of regulation of local blood supply to local 
needs. Even in the skeletal muscle of higher mammals, where there are 
vasodilator nerve fibres which can serve to anticipate the local need and to 
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co-ordinate the vasodilator response with other vascular reactions taking place 
in the animal at the same time, the peripheral mechanism can still function 
independently of central nervous control. 


SUMMARY 


1. In cats under chloralose anaesthesia volume changes of the femoral 
artery were registered continuously, by using a specially constructed onco- 
meter and a photo-electric method of recording. 

2. A dilatation of the femoral artery occurred in response to contraction of 
the muscles of the lower leg and to arterial injection into the muscles of acety]- 
choline, histamine, bradykinin and nicotine. This dilator response was not 
obtained in all experiments, but occurred in over half of them. 

3. The dilator response is obtained when all the nerves to the limb have 
been cut. It is seen in the femoral artery of the stimulated side only. It is 
abolished by direct application of cocaine, or by dividing the artery, distal 
to the oncometer. It is, therefore, concluded that the response is mediated by _ 
a conducting system in the wall of the artery. 

4. Like the post-contraction hyperaemia in the gastrocnemius muscle, the 
dilator response following a tetanus (a) is still obtained in the curarized animal 
on direct stimulation of the muscle, though no response is seen on stimulation 
of the motor nerve; (6) is not affected by atropine, phentolamine or mepyr- 
amine; (c) is practically abolished by large doses of nicotine; (d) is not reduced 
after posterior root ganglionectomy or lumbar sympathectomy, but (e) 1s 
affected by degenerative section of the sciatic nerve. It is concluded that both 
vascular reactions involve the same peripheral conducting mechanism. 

5. The dilator response travels along the artery wall at a very slow rate, 
of the order of 10 cm/sec. The known nerve fibre systems were shown not to 
be responsible, and it is suggested that the conducting elements are the smooth 
muscle cells of the media. 

6. The possibility is discussed that the peripheral conducting mechanism 
of functional vasodilatation is of more widespread significance, being involved 
in many other local vasodilator reactions, some of which nave hitherto been 
attributed solely to axon reflexes. | 
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THE EFFECT OF LOWERED MUSCLE TEMPERATURE ON THE 
ACTION OF NEUROMUSCULAR BLOCKING DRUGS IN MAN 


By T. H. CANNARD anp ELEANOR ZAIMIS 
_ From the Department of Anaesthesiology, University of Pennsylvania, 
Philadelphia, 4, U.S.A., and the Department of Pharmacology, Royal Free 
Hospital School of Medicine, London, W.C. 1 


(Received 11 May 1959) 


Bigland, Goetzee, Maclagan & Zaimis (1958) in experiments be cats, dogs and 
on the isolated diaphragm of the rat, have demonstrated that changes in 
muscle temperature greatly affect the action of neuromuscular blocking drugs. 
In view of this and because of the extensive clinical use of these drugs this 
problem has now been studied in man; a preliminary account has already 
appeared (Zaimis, Cannard & Price, 1958). 


METHODS 

Anaesthesia. The subjects were premedicated with atropine sulphate and either quinalbarbitone 
or pethidine hydrochloride. Anaesthesia was induced with thiopentone sodium and maintained 
with a mixture of oxygen and nitrous oxide. Additional thiopentone was given intermittently 
when needed, occasionally with small doses of pethidine hydrochloride. Anaesthesia was kept 
light and all subjects regained consciousness within 5 min of removal of the mask. 

Recording of muscle contractions. Both legs were placed in specially built callipers after the sub- 
ject was anaesthetized. The leg callipers (Fig. 1) were constructed from two horizontal iron bars 
to which flat steel springs (7-5 x 2-5 x 0-3 cm) were welded at the level of the ankle joint. A foot 
plate was fixed by brackets to the distal ends of the flat springs and a metal heel plate was 
screwed ‘to the foot plate. The axis of rotation of the foot plate passed through the ankle joint, 
thus ensuring that only flexion and extension of the foot were measured. The horizontal bars of 
the calliper were held together by two U-shaped supports so that the leg did not rest on the table. 
One support formed the proximal end of the calliper just above the knee, the other was at the 
level of the lower end of the calf. 

Four strain gauges were mounted on the flat springs, and arranged as a Wheatstone bridge; 
each spring carried one gauge on its upper surface and one on its lower. To record twitch tensions 
the Wheatstone bridge was excited by 12 V d.c. from a Grass model 5 Polygraph and the voltage 
changes produced during contractions were fed into the polygraph through a d.c. preamplifier. 

» The leg was firmly fixed in this calliper with straps round the knee and ankle. The foot was 
strapped to the foot plate with adhesive tape. 

Cutaneous electrodes were fixed over the medial popliteal nerve when contractions of the calf 
muscles were being studied, or over the motor point of the tibialis muscle when contractions of the 
_ latter were recorded. Supra-maximal shocks, of 70-150 V, delivered once per 10 sec through pulse 
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~ transformers, were applied to the nerves. The resulting maximal twitches were recorded on 


moving paper by the polygraph pens. 

Lowering of limb temperature. The temperature of one limb was lowered by the combined use of 
thin plastic bags containing crushed ice and of ice packs. Muscle temperature was measured by 
means of a thermistor needle inserted into either the tibialis anterior or the gastrocnemius muscle 
of each leg. 

Administration of drugs. Drugs were injected intravenously or intra-arterially. For intra- 
arterial administration a 22 gauge needle was inserted into each femoral artery and syringes con- 
taining the drug were attached to the needles. Thus the same amount of drug solution could be 
injected simultaneously into each femoral artery. 3 


Strain gauges 


Flat steel 
spring 


Heel piece 
Fig. 1. Diagram of the calliper. 


RESULTS 


The influence of lowered muscle temperature on neuromuscular blocking drugs 
was studied in sixteen healthy young adults in whom a total of fifty-four 
blockades were observed: twenty-five with suxamethonium, thirteen with 
decamethonium, and sixteen with tubocurarine. Seventeen blockades were 
studied on the tibialis anterior and thirty-seven on the calf muscles. In most 
experiments the drug was administered in a single in} ection, in nineteen intra- 
arterial and in thirty-five intravenous. In three more experiments suxa- 
methonium was administered by slow intravenous infusion of 30-105 min 
duration. 
Muscle temperature was almost always 1-2° C lower than rectal temperature 
and this difference usually increased with immobilization of the limbs. Because 
of this, the temperature of the control leg had to be maintained at normal 
levels by means of hot-water bottles. | 
The method of surface cooling used in the present study made it possible to 
produce a steady fall in muscle temperature; the rate of fall was almost always 
slow for the first 2~3°C but increased rapidly thereafter. With very few 
exceptions a lowering of muscle temperature by 4-7° C was obtained by the 


end of the first hour. | 
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Maclagan & Zaimis (1957) demonstrated that in the cat lowering of muscle 
temperature led to a decrease in the maximal twitch tension, while the over-all 
duration of the twitch was prolonged. They also showed that this reduction of 
the contraction (at least over a temperature range of 36-26° C) was not the 
result of an effect of cooling on neuromuscular transmission, for cooling pro- 
duced the same changes after denervation. In the present experiments, cooling 
had the same effect on human muscles. Figure 2 shows a comparison between 
twitches recorded at 36-6 and at 33-0° C. At 33° C the tension was reduced but 

kg 
20 366°C 33-0°C 


0 
Fig. 2. Maximal twitches of the tibialis anterior muscle in response to indirect stimulation, 
recorded at different muscle temperatures. 


the duration of the twitch was increased. However, when single doses of a 
neuromuscular blocking drug were administered, such a reduction of the 
twitch tension by cooling did not complicate the interpretation of the results 
obtained, asthe magnitude of the block was measured in relation to the size 
of the twitch just before administration of the drug. 


Suxamethonium and decamethonium 


Lowering muscle temperature increased the magnitude and prolonged the. 
duration of the blockade produced by both suxamethonium and decametho- 
nium, duration being more affected than magnitude. On sada these 
effects were reversed. 

With single doses of suxamethonium the effect was more pronounced after 
intra-arterial than after intravenous injections. Figure 3 illustrates in the 
same experiment the effect of suxamethonium injected intra-arterially and 
then intravenously. Cooling increased both the magnitude and the duration 
of the blockade produced by the intra-arterial injection, but duration alone 
was affected when suxamethonium was administered intravenously. However, 
when suxamethonium was administered in the form of a slow intravenous 
infusion, its blocking action was markedly potentiated by cooling; Fig. 4 shows 
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the results of such an experiment. In order to eliminate the complicating 


_ factor of the reduction of twitch tension produced by cooling, the infusion of 


suxamethonium was started after the muscle temperature had been lowered. 
In this experiment the infusion of suxamethonium was continued for 105 min _ 
but during this period its rate was altered several times. At all rates of infusion 
which produced a partial block in the warm leg the effect on the cold leg was 
more pronounced. Figure 4 shows a section of the record taken while the rate 
of infusion was being reduced. This produced an immediate increase in the 


27°C 


36°C 


H 
1 
Fig. 3. Simultaneous recordings of maximal twitches from the right and left tibialis anterior 
muscles in response to indirect stimulation delivered once per 10 sec. In this and thé following 
figures, muscle temperature is indicated on top of each record. At (1) 0-5 mg suxamethonium 
diiodide intra-arterially, at (2) 5 mg intravenously. | 


Fig. 4. Simultaneous recordings of maximal twitches from the right and left tibialis anterior 
muscles in response to indirect stimulation delivered once per 10 sec. At the arrow 5 mg of 


edrophonium chloride intravenously during a slow continuous infusion of suxamethonium 
diiodide (for details see text). 


twitch tension of the warm leg, but no sign of recovery could be seen in the 
cold leg. For the last 45 min of the same experiment the rate of infusion was 
kept constant while the cold leg was rewarmed. The twitch tension showed 
little change while muscle temperature was below 28° C but increased rapidly — 
when the temperature rose above this level. : ee 

With decamethonium, both magnitude ana duration of the blockade were 
potentiated by cooling, independently of the route of administration. Figure 5 


illustrates the effect produced by an intravenous dose of 2 mg of decamethonium. 


Although cooling prolonged the action of depolarizing drugs the nature of 


| the blockade did not appear to be affected however long the paralysis lasted. 


For example, edrophonium was ineffective or prolonged the block, and tubo- 
8-2 
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curarine antagonized it. Figure 4 illustrates that 5 mg of edrophonium injected 
intravenously potentiated the action of suxamethonium in both the warm and 
the cold leg. The tibialis anterior and the calf muscles differed in their sensi- 
tivity to suxamethonium and decamethonium. To block neuromuscular 
transmission in the calf muscles required doses of suxamethonium two or three 
times greater than those needed to block the tibialis anterior. The difference 
with decamethonium was less. Of the muscles which form the calf of the leg, 


Fig. 5. Simultaneous recordings of maximal twitches from the right and left tibialis anterior 
muscles in response to indirect stimulation delivered once per ie sec. At the arrow 2 mg 
decamethonium diiodide intravenously. 


35°C 


| Fig. 6° Simultaneous recordings of maximal twitches from the right and left calf muscles in 


response to indirect stimulation delivered once per 10 sec. At the arrow 1 mg suxamethonium 
intra-arterially. 


the gastrocnemius, the soleus, the plantaris and the popliteus are supplied by 

the medial popliteal nerve. It appears that in these muscles there is an ad- 
mixture of fibres sensitive and resistant to the action of depolarizing drugs. 
As the lower record of Fig. 6 shows, the recovery from a block produced in the 
calf muscles after an intra-arterial dose of suxamethonium is uneven; it is 
more rapid at the beginning, then levels out before becoming faster again. 


_ This points to the presence of two groups of muscle fibres, one made up of 


sensitive fibres which are easily blocked but able to recover quickly, and the 
other group made up of fibres which are less sensitive but respond with a 
blockade of longer duration. This uneven recovery was not seen in the cold leg 
because of the effect of cooling on the duration of the block. 


Tubocurarine 


The action of tubocurarine was always reduced by cooling, independently — 
of the route of administration. Figure 7 shows the result of an experiment in 
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which tubocurarine was administered first intra-arterially and then intra- 
venously. In both instances the cold muscle was less affected. The magnitude 
of the blockade produced by tubocurarine was more affected than its duration. 
In all experiments cooling reduced the magnitude of the blockade but the 
duration was almost: always the same. Figure 7 shows also the action of 5 mg 
of suxamethonium injected intravenously, which antagonized the blockade 
produced by tubocurarine. 


Fig. 7. Simultaneous recordings of maximal twitches from the right and left tibialis anterior 
muscles in response to indirect stimulation delivered once per 10 sec. At (1) 1 mg tubocurarine 
chloride intra-arterially; at (2) 3 mg tubocurarine chloride, and at (3) 5 mg suxamethonium 
diiodide, intravenously. 


DISCUSSION 
The method used in the present study had the advantage of providing experi- 
mental conditions under which uniform isometric contractions could be 
elicited and recorded for long periods of time, thus permitting an objective 
analysis of the action of neuromuscular blocking drugs. From the experi- 
mental results presented above it is clear that changes in muscle temperature 
affect the action of neuromuscular blocking drugs. Lowering of muscle tem- 
perature increased the magnitude and, even more, the duration of the action 
of depolarizing drugs. Decamethonium is a substance which is not destroyed 
in the body (Zaimis, 1950), but suxamethonium is rapidly hydrolysed, mainly 
by plasma cholinesterase (Bovet & Bovet-Nitti, 1955). The fact that a block 
produced by decamethonium is affected as much, or more than, one produced 
by suxamethonium therefore suggests that the effect cannot be due only to 
inactivation of the plasma esterase at the lower temperature, for if this were so- 
the block produced by suxamethonium should be the most affected. The rapid 
destruction of suxamethonium, and the slightly slower onset of action of all 
three neuromuscular blocking drugs in the cold leg, may account for the effect 
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of cooling being less marked when suxamethonium is given intravenously by 
single injections than when it is given intra-arterially or by slow intravenous 
infusion. 

Cooling reduced the actiou of tubocurarine. A lowering of muscle tempera- 


ture would be expected to have the same influence on the action of acetyl- . 


choline as on that of suxamethonium and decamethonium. Thus, an increase 
in the effectiveness of acetylcholine might be expected to reduce the action of 
drugs competing with it. This is also suggested by the observation that cooling 
reduced only the magnitude of the tubocurarine block, leaving the duration 
almost unaltered: the magnitude depends on the ease with which the drug can 
compete with acetylcholine; the duration, however, is governed by factors 
such as its rate of excretion and destruction. 

On rewarming the muscle these effects were reversed. Moreover, the nature 
of the blockade appeared in no way to be affected however long the paralysis 


lasted. The actions of tubocurarine and that of the depolarizing drugs were 


_ antagonistic; edrophonium potentiated the action of depolarizing drugs in 
both cold and warm muscles. Furthermore, in several experiments the depola- 
rizing drug was administered after one or several injections of tubocurarine. 
The previous administration of tubocurarine did not alter the effect of cooling 
on the depolarizing drug. 

These results are similar to those obtained in cats (Bigland et al. 1958) with 
the only difference that the intravenous administration of single doses of 
suxamethonium is affected to a greater extent by cooling in the cat than in 
man. This may be due to the fact that in man suxamethonium is more rapidly 
hydrolysed by plasma cholinesterase. : 

Cooling tends to slow the blood flow through skeletal muscles. However, 
the following experimental results suggest that the changes reported above are 
independent of blood flow changes: (a) Cooling affects the action of depolarizing 


and competitive neuromuscular blocking drugs in opposite directions. (b) It — 


has been previously demonstrated in isolated preparations, where there is no 
blood supply, that the effect of cooling is the same, i.e. increased activity of 
depolarizing drugs and reduced activity of tubocurarine (Holmes, Jenden & 
Taylor, 1951; Bigland et al. 1958). J. Maclagan (personal communication) has 
recently studied simultaneously the effect of cooling on the blood flow through 
a limb and on the action of several neuromuscular blocking drugs in cats. No 
correlation could be found between the magnitude and duration of a blockade 
produced by decamethonium or suxamethonium and changes in blood flow. 
The only effect which could be attributed to changes in blood flow is the more 
gradual onset of the blockade in the cold muscle, an effect seen with both 
depolarizing and competitive neuromuscular blocking drugs. 
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SUMMARY 


1. The effect of lowered muscle temperature on the action of neuromuscular 


blocking drugs was studied in the tibialis anterior and the calf — of 
sixteen anaesthetized adult human subjects. 


2. For the recording of muscle contractions a method was used which 
provided experimental conditions under which uniform isometric contractions 
could be elicited and recorded for long periods of time. 

3.» Lowered muscle temperature increased the magnitude of the effect of 
depolarizing drugs and prolonged their duration of action. On rewarming, 
these effects were reversed. The nature of the blockade was in no way affected, 
however long the paralysis lasted. 


4. In contrast, cooling reduced the magnitude of a block produced by tubo- 
curarine, a substance which interrupts neuromuscular transmission by oer 
tition with acetylcholine. 
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“THE SPINDLE MOTOR NERVES TO THE GASTROCNEMIUS 
MUSCLE OF THE RABBIT 


By K. DIETE-SPIFF anp J. E. PASCOE 
From the Department of Physiology, University College London 


(Received 15 May 1959) 


It was suggested by Merton (1953) that the length of a muscle is set by means __ 


of a follow-up servo mechanism. According to this theory, a reflex contraction 
of a muscle is brought about by the muscle spindles being made to shorten by 
the intrafusal muscle fibres. This increases the frequency of discharge of the 

afferent endings in the nuclear bag of tha spindles, which in turn leads to a 
shortening of the main muscle via the myotatic reflex arc. This shortening 
then continues until the frequency of discharge of the nuclear bag endings 
falls to its previous level through the unloading of the spindles. Thus the main 
muscle is assumed to follow the changes in length of the intrafusal muscle 
fibres. For stability in such a system the length of the intrafusal muscles must 
be independent of changes in length of the main muscle, brought about by 
external forces. Hunt’s (1951) finding that lightly stretching a muscle inhibits 
the spindle motor fibres, allowing the intrafusal muscles to slacken, raises a 
major objection to the follow-up servo theory. For this reason the behaviour 
of the spindle motor fibres in response to stretching the main muscle has been 
reinvestigated. Briefly the question is, does the main muscle follow the 
spindle muscles or do the spindle muscles follow the main muscle? 


Our experiments have shown that the motor fibres in the gastrocnemius 


nerves fall into three groups in terms of their responses to reflex stimulation, 
drugs and asphyxia. Two of these groups have properties already familiar and 
correspond to the extrafusal motor and the gamma intrafusal motor fibres. 
The third group is new. Throughout the description of experiments it will be 
provisionally referred to as ‘type II spindle motor fibres’, a procedure which 
the Discussion will try to justify. 

The gamma intrafusal motor fibres were ce unaffected by muscle 

stretch whereas the type II were always inhibited. If these results are taken 
together with the known complexity of structure and innervation, both 
sensory and motor, of the muscle spindles, then it is clear that the follow-up 
servo process can at best form only a part of a much more complex mechanism. 
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For a true understanding of the control of muscles more must be found out 
about the working and possible integrative action of the muscle spindles. 

A preliminary account of this work (Pascoe, 1958) has appeared; the present 
account differs from that in several respects, because further — has 
shown that some fibres were originally wrongly classified. 


METHODS 


Rabbits were anaesthetized with 5% thiopentone sodium solution given ~ the marginal ear vein, 
and anaesthesia was maintained throughout the dissection with the same solution given via a 
polythene cannula tied into the femoral vein of the right side. Both carotid arteries were tied and 
the trachea was cannulated. The left leg was denervated except for the nerve supplying the lateral 
gastrocnemius and soleus muscles, and that to the medial gastrocnemius muscle. The central end 
of the cut sural nerve was separated from the sciatic nerve for stimulating. The sciatic nerve was 
approached through a lateral incision in the thigh muscles and during recording the wound was 
filled with liquid paraffin B.P. which had been previously saturated with water. The tendons of 
the plantaris and semi-membranosus muscles were separated from the Achilles tendon and cut. 
The Achilles tendon was ligated near its insertion and freed by cutting off the calcaneal tuberosity. 
The leg was held by three clamps, two on the femur and one on the lower end of the tibia; the 
clamps were then fixed rigidly to a myograph stand with the preparation lying on its right side. 
The Achilles tendon was attached to a myograph whose deflexions were displayed on the cathode 
ray oscilloscope. The gastrocnemius and soleus muscles were stretched by pulling on the myograph 
by hand. In some experiments the Achilles tendon was not separated and in these instances the 
muscles were stretched by dorsi-flexing the foot. With the leg fixed and the denervations completed 
the animal was decerebrated after receiving 5-10 mg of hexamethonium bromide intravenously. 
The decerebration was made with a sucker through a large, medially placed hole in the skull, and 
after removing the forebrain the torn arteries at the base of the brain were permanently clipped. 
The preparation was then allowed to recover from the anaesthetic and the hexamethonium bro- 
mide for about an hour. Nerve filaments from either the medial or lateral gastrocnemius nerves 
were prepared by slitting the nerve sheath with fine scissors, cutting a strand of nerve fibres and 
separating it centrally for about 15 mm. This filament was then split until unitary activity could 
be recorded. The potentials were led off with one platinum-wire electrode on the nerve filament 
and the other side of the amplifier attached to one of the bone clamps, which was also grounded. 
The potentials were amplified and displayed on a cathode ray oscilloscope (see note, p. 134). 

The discharges we have recorded in this fashion were all from fibres which otherwise would have 
run to the muscle and hence can be presumed to be motor to it, since sensory discharges from the 
muscle have never been recorded with this technique. 

Stimuli were given through twin platinum-wire electrodes connected through an isolating 
transformer to a conventional square-wave stimulator. The duration of stimuli was 120 wsec and 
their amplitude could be read from a meter during the experiment. 

Nomenclature. Throughout the paper ‘spindle motor’ or ‘intrafusal motor’ is used to describe 
those nerve fibres which activate muscle fibres in the muscle spindles. ‘Extrafusal motor’ is used 
to indicate the nerve fibres going to the main muscle fibres, i.e. those responsible for external 
tension. The term ‘sensory’ is used to indicate those fibres carrying information to the central 
nervous system. Nothing further is implied by this adjective. ‘Muscle stretch’ refers to stretching 
the soleus and gastrocnemius muscles; the effects described are thus all autogenetic. 


RESULTS 
The motoneurones to the gastrocnemius muscles are here divided into three 
groups. First, the extrafusal motor fibres, whose properties are well known; 
we shall not discuss them except where it is necessary to point ou¢differences 


5 
of 
ag 
| 
A 
A 
a 
a 
ix 
agi 


122 K. DIETE-SPIFF AND J. E. PASCOE 


in their behaviour from that of the other two groups. These latter are referred 
to as spindle motor and for convenience named type I and type II. The 
reasons for this separation from the extrafusal motor fibres and the division 
into two types should become apparent later in this section of the paper, and 
they will be referred to again in the Discussion. 

Substantially similar results have been obtained from nerve filaments 
supplying the lateral head of the gastrocnemius muscle and the soleus muscle, 


and from the nerve to the medial head of the gastrocnemius muscle, The 


results apply therefore to the gastrocnemius muscles and possibly also to 
soleus, but of this we cannot be certain. 2 


Type I code motor fibres 

Discharge pattern. The characteristic pattern of discharge from fibres in thin 

group was a regular and maintained firing lasting up to several hours when the 
preparation was undisturbed. A few fibres fired irregularly and many others 
were silent, but these also could be made to fire regularly, e.g. by electrical 
stimulation of the ipsilateral sural nerve. A discharge was judged as being 
irregular by eye from the records or by ear from the loudspeaker. No attempt 
has been made to measure the intervals between impulses and assess their 
scatter since the immense amount of work involved appeared not to be justified. 
A characteristic irregularity in the discharges of extrafusal motoneurones is 
the double discharge (Eccles & Hoff, 1932) in which the impulse interval is 
considerably shorter than the mean interval (Fig. 2). Discharges of this sort 
have not been recorded from any of the fibres of this group. In all instances 
where double discharges have been recorded, or heard with the loudspeaker 
from otherwise regularly discharging units, further investigation has shown 
these to be not spindle motor but extrafusal motor fibres. The frequencies of 
discharge of fibres in this group recorded from undisturbed preparations has 
_ varied from 0 to 90 impulses per second, and the frequency of any one fibre 
has remained fairly constant for long periods, 

Reflexes influencing the pattern of discharge. In all twelve instances where it 
has been employed, electrical stimulation of the ipsilateral sural nerve caused 
the fibres to fire at an increased frequency, and fibres which in the undisturbed 
preparation were silent could most easily be caused to fire by this form of 

stimulation. The nature of the discharge depended upon the excitability of 
the preparation. In a highly excitable one a single shock to the sural nerve led 
to a burst of impulses in the spindle motor fibre, followed by contraction of 
the triceps surae. The discharges in the fibre would then slow or stop, and this 
was followed by relaxation of the muscle. Occasionally a single shock to the 
sural nerve caused bursts of activity in the fibre alternating with periods of 
silence, and this was accompanied by rhythmical contractions of the muscles. 
In less excitable preparations only the first stage, excitation of the spindle 
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motor fibre discharge, was seen after a single shock to the ipsilateral sural 
nerve; the increased frequency of discharge seen after the sural nerve shock 
then died away progressively till the resting frequency was reached. In the 
least excitable preparations a single shock to the sural nerve produced no 
discharge, but when the stimulus was repeated several times at about once a 
second a repetitive discharge of the fibre was seen, which frequently outlasted 
the period of stimulation for several seconds. _ 

In addition to electrical stimulation of the ipsilateral sural nerve the effects 
of ‘natural’ stimulation have been studied, In active preparations stimulation 
of the skin by lightly stroking the fur caused a rise in the frequency of dis- 
charge. This was most noticeable in those fibres which in the unstimulated 
preparation were silent or discharged at‘only a low frequency. This rise in 
frequency after cutaneous stimulation was thought at first to be absent in 
those fibres discharging at a higher frequency (Pascoe, 1958), but it has since 
been observed in fibres firing at frequencies as high as 50 impulses per second. 
The stimulatory effect of lightly stroking the fur on the discharges of spindle 
motor fibres appeared not to be restricted to any particular skin area. Para- 
doxically, however, the skin of the ears was the only region from which a 
stimulatory effect was not obtained, in contrast with the finding of Granit, 
Job & Kaada (1952). In no instance was inhibition of a spindle motor fibre 
discharge produced by stroking the fur. 

Pinching the skin usually had a similar but quantitatively greater effect 
than stroking. In particular, the skin of the paws and contralateral heel was 
very receptive. In two experiments, where pinching the contralateral heel 
produced a quickening of the discharge frequency and a rise in tension of the 
gastrocnemius and soleus muscles, the instantaneous frequency and the 
tension were plotted against time. In both experiments the rise in frequency 
of discharge preceded the rise in tension in the muscle, in one experiment by 
20-30 msec and in the other by 40-50 msec. In the same way the fall in 
frequency preceded the fall in tension. A rise in tension in the muscle has 
always been accompanied by a rise in frequency of the type I spindle motor 
fibre discharges; however, a rise in frequency of the spindle motor fibre dis- 
charge is not always followed by an increased tension of the muscle. 

In most instances pinching has led to an increased frequency of discharge 
from the spindle motor fibres, but on several occasions pinching the forepaw 
has caused a slowing of the discharge. In one experiment where activity of two 
spindle motor fibres of type I with easily distinguishable action potentials was 
recorded simultaneously from the same nerve filament, the discharge of one 
was slowed by pinching the forepaw whereas the discharge of the other was 
quickened. Pinching the ipsilateral heel quickened both the fibres. 3 

In a few preparations turning the head has had an excitatory effect on the 
type I spindle motor fibres. Figure 1 is taken from one such experiment. It is 
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not certain whether the effect of head turning was due to true vestibular or 
neck refiexes or to skin stimulation; one needed only to grasp the head to 
elicit an increased frequency of discharge of the spindle motor fibre. 

The effect of stretching gastrocnemius and soleus muscles on the discharge 
frequency was studied for twenty-two out of the total of twenty-nine fibres. 
In every experiment the stretch was the maximum that could be*employed. 
When the Achilles tendon was left attached, the stretch consisted of maximal 
flexion of the foot. When the tendon was attached to the myograph the tension 
used was greater than 2 kg. © 


Fig. 1. Discharge of a spindle motor (smaller spike) and an extrafusal motor fibre. The head was 
turned, jaw towards the left side, producing an increased frequency of discharge of the two fibres 
and a rise in tension in the muscle. Note a slight tendency for double discharges from the extra- 
fusal motor fibre. Time marker, 1 sec; tension | kg; increase in tension signalled downwards. ! 


Fig. 2. Effect of stretch of gastrocnemius and soleus muscles on the discharge of a type I spindle 
motor fibre. Stretch produced no change in the frequency of firing but brought in an extra- 
fusal fibre characterized by its double discharges. sail marker, 1 sec; tension 2 kg; increase 
in tension signalled by an upward deflexion. 


In two fibres the discharge frequency was raised, in each from 13 to 16 


impulses per second. The frequency of firing of seven fibres was lowered by 


stretching the muscles and with the remaining twelve fibres there was no 
effect (Fig. 2). The discharge frequency of many fibres was raised by muscle 
stretch, but the effect was not consistently obtained and when it occurred the 
animal frequently made violent reflex movements, suggesting that the stretch 


contained a noxious element. The site of this noxious stimulus was not the 


tendon, since in the three experiments where the tendon was deliberately 


_ maltreated by squeezing it with surgical forceps the discharge frequencies were __ 


lowered. Moreover, in these instances no reflex movements could be obtained 


by the most. severe crushing of the tendon. It seems likely that the-noxious: 4 
component of the muscle stretch arose. from either the skin of the thigh or ~ 


possibly from the femur. The skin of the upper thigh was definitely not anaes- 
thetic and stretch of the ankle extensors was observed to pull on the cut edges 
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of the skin round the paraffin pool. Attempts to denervate the skin of the 
upper thigh were not successful. There is no evidence as to the origin of the 
inhibition by muscle stretch, but the results of tendon stimulation quoted 
above suggest that the tendon is the likely source. 

Discrimination between spindle motor and extrafusal motor fibres. Many of the 
properties of this group of spindle motor fibres are similar to those of tonic 
extrafusal motor fibres, and it was necessary to devise a test to decide con- 
clusively in which category to place a tonically firing motor fibre. It was 
shown by Granit, Pascoe & Steg (1957) and since confirmed by Hunt & Paintal 
(1958) that the spindle motor fibres are not inhibited by the excitation of 


B 


Fig. 3. Discharges of an extrafusal motor and an intrafusal motor fibre. A, control, separate 
sweeps. C’, control with ten superimposed sweeps. B, with stimulation of the ipsilateral 
sciatic nerve at a strength sufficient to cause a small twitch of the ankle extensors. D, as for 
B with ten superimposed sweeps. Note the 80 msec silent period in the discharge of the 
extrafusal fibre after each stimulus, although the spindle motor fibre discharge was un- 
influenced. Time marker, 50 c/s. 


anterior horn cells lying in the same segment of the spinal cord (Renshaw, — 
1941). In the present experiments the ventral roots of the cord were not 
exposed so that:it was not possible to activate the anterior horn cells alone. 
-It was found, however, that by stitnulating the whole sciatic nerve in the thigh 
at a strength just sufficient to-cause a twitch of the gastrocnemius muscle, a 
silent period could be produced i in the discharge of extrafusal motor fibres, 


as is shown in Fig. 3, By the same technique a’ silent.period could not:be ~~ 


_ produced in the discharges of those fibres referred to.as ‘spindle motor fibres in 


the foregoing sections, 
A further distinction between the eins motor ae extrafusal motor fibres 
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was that frequently (though not invariably) a single large shock to the ips- 
lateral sciatic nerve stopped abruptly a tonic discharge in an extrafusal motor 
fibre, though the same stimulus invariably excited the spindle motor fibres. 
When a fibre could be stopped in this way it could be restarted by a quick 
stretch of the triceps surae, confirming that it was an extrafusal motor fibre. 

The. effects of anaesthetics on the discharge. When ether was administered 
during a recording from a type I spindle motor fibre a strong stimulatory effect 
was observed. Fibres already firing steadily were caused to fire at a higher 
frequency, and fibres which in the undisturbed preparation were silent or fired 
irregularly now discharged at a regular frequency, as is shown in Fig. 4. In one 
preparation, ether, ethyl chloride, trichlorethylene and chloroform in turn all 
caused a quiescent spindle motor fibre to discharge. This effect of volatile 


contol 


Fig. 4.. Discharge of a type I,spindle motor fibre. (a) control; (6) after 1 min; (c) after 2 min 
inhalation of ether; note the increase in the frequency of discharge. Time marker, | sec. 


anaesthetics is not due to a local stimulatory action on the respiratory tract, 
since in the few instances where at the start of inhalation there was obvious 
irritation leading to coughing and sometimes to general movements of the 


limbs, there was no sustained stimulation of the spindle motor fibre discharge. _ 


Thus after'a short initial stimulation there was no further effect until usually 
after one minute of ether inhalation, when a progressive increase in the 
frequency of discharge developed. That the effect is not due to a noxious 


stimulation of the respiratory tract is supported by the finding that the: 


stimulatory action is maintained during many minutes of ether inhalation, in 
such concentration as to abolish all reflexes. It is well known that inhalation 
of ether stimulates respiration, but it was found impossible to simulate the 
effect of ether by artificial over-ventilation. It was concluded that the effect 
of ether was central, and this was confirmed by the finding that urethane had a 
similar action. Urethane given to a decerebrate preparation was found to 
increase ‘the frec uency. of discharge of a spindle motor fibre; successive dose: 

caused increasingly greater effects even when enough was orm to stop the 
respiration. 
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In addition to the above anaesthetics, chloralose, hexobarbitone sodium and 
thiopentone sodium have been tried. These three all caused a lowering in the 
frequency of discharge of the spindle motor fibres. In the case of chloralose 
the effect was slow in onset but sustained, whereas the two barbiturates had 
a rapid action which wore off as was to be expected from the shortlived nature 


_ of the anaesthesia produced by these two compounds. An interesting finding 


was that when thiopentone sodium was given in sufficient quantity to abolish 


all the reflexes of a decerebrate preparation, the administration of ether had 


its usual stimulatory action on a spindle motor fibre discharge. 

The site of the action of ether has not been determined but it is likely to be 
supraspinal since the effect of ether on spinal cord reflexes is depressant. 
Furthermore, in acutely spinalized animals ether produced no stimulation, 
and the only effect: observed was depression of reflex excitability. In two 
experiments the cerebellum was sucked away without any effect on the ether- 
maintained discharge. In three experiments the stimulatory action of urethane 
on spindle motor activity was demonstrated in preparations with intact 
nervous systems. The animals were anaesthetized with urethane 1-6 g/kg and 
a filament from a gastrocnemius nerve was prepared in the usual way. A single 
spindle motor fibre discharge was obtained and then another dose of urethane 
was given to the preparation. This caused a rise in the frequency of discharge 
of the fibre similar to that seen in the decerebrate preparations. 

Acetylpromazine, 2 mg/kg intravenously rapidly stops this type of fibre 
discharging, and the effect is maintained for long periods. The reflex 
excitability of these fibres and of the preparation generally is lowered by 


_ this drug (ef. Henatsch & Ingvar, 1956). 


The effect® of hypertensive drugs. Rise of blood pressure produced by 
injections of 50g of adrenaline intravenously or of 5 units of vasopressin 
had little effect on the frequency of discharge, but in some experiments caused 
a definite slowing. Excitation has not been seen with these drugs: 


Type II spindle motor fibres | 

In this group have been placed those fibres with discharge characteristics 
different from those of both the type I spindle motor fibres and the extrafusal 
motor fibres. There is no direct evidence that the fibres of this group do in fact 
innervate the intrafusal muscles. All that can be said is that their properties 
are different from the fibres going to the extrafusal muscle fibres. This point 
will be raised again in the Discussion. 

Discharge pattern. This was irregular, as is shown in Fig. 5. Double or even 
treble discharges occurred but there was never any sign of a regular discharge 
frequency. In all, eleven spontaneously discharging fibres come into this group 
and only in the case of two of them was it possible to influence them reflexly ; 
in both instances stimulation of the ipsilateral sural nerve gave rise to a single 
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discharge with a latency of 10 msec. The two fibres could not be made to fire 
= repetitively no matter how strongly the sural nerve was stimulated. One of 
a these fibres could also be made to give a short burst of impulses by a strong 


7 pinch of the ipsilateral forepaw. One other fibre could not normally be made" 
4 to fire by reflex stimulation, but after 80 sec of artificial over-ventilation a 
z sharp pinch of the ipsilateral forepaw gave rise to a burst of impulses at about 


200/sec and lasting approximately 2 sec. This effect was repeated many times, 
but pinching the forepaw did not invariably cause a discharge even though the 
animal gave violent reflex movements after each stimulus. To sum up, it can 
be stated that the majority of the fibres in the group could not be influenced 
reflexly and that those which could be required strong stimulation. 


1 sec 


Stretch 


q Fig. 5.. A type II spindle motor fibre discharge showing its complete inhibition by stretch of | 
gastrocnemius and soleus muscles; note the irregular pattern of firing. 


a It was seen that a rise in frequency of discharge of a type I spindle motor 
fibre was often followed after a short delay by a contraction of the ankle 
i extensors. No such relationship between frequency of discharge and reflex 
a tension in the soleus and gastrocnemius mificles has been observed for the 
type II fibres. ~ 

Effect of muscle stretch. Every fibre in this group was inhibited by stretching 
the ankle extensors (Figs. 5, 6). The tension required might be high or low. 
In those preparations with an intact Achilles tendon the liminal stretch was 

_ obtained when the foot was flexed so that the angle included between it and 
the shank was a little less than a right angle. The force required to flex the 
foot to this position varied with the stiffness of the preparation, so that it 
would seem that the adequate stimulus for inhibition of the spindle motor fibre _ 
discharge is elongation of the muscle and not the tension developed in it. 

The effect of muscle stretch on this type of fibre is different from that seen 
with the extrafusal motor fibres. With these, stretch invariably contains an 
excitatory component, though it is not always obvious since inhibition of an 
extrafusal motor nerve discharge is not always preceded by a significant 
excitation. If, however, the extrafusal fibre discharge can be silenced, for 
example by an ipsilateral noxious stimulus, or by a sustained pull on the 
tendon (clasp-knife reaction) then the fibre can be restarted by stretching the 
muscle. Muscle stretch is, however, for the type II fibres, purely inhibitory, 

and this is true both for jerks and for sustained pulls. | t 

Effect of anaesthetics. In one experiment the effects of thiopentone and — , 
urethane on fibres of type I and type II were compared. A filament from the 1 
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medial gastrocnemius nerve was found to contain an active type I fibre and 
also a type II. The type II fibre responded with a single discharge to a stimulus 
applied to the ipsilateral sural nerve, and the type I fibre gave its usual ‘burst’ 
response. Thiopentone sodium was then given intravenously. The first effect 
was to reduce the number of type I fibre discharges to a single ipsilateral sural 
nerve volley. When more thiopentone sodium was given, the response of the 
type I fibre to sural nerve stimulation was completely abolished but the type II 
fibre still responded and with the same latency as before administering the 
thiopentone. The effects of the thiopentone were allowed to wear off and the 
responses of the type I fibre to ipsilateral sural nerve stimulation returned. 
At this stage urethane was given intravenously and it abolished the response 
of the type II fibre before it had any action on the type I response. The effect. 
of ether on the type IT fibres has not been consistent. In two experiments the 
discharge was depressed and in two a discharge similar to that produced by 
asphyxia was seen. 


| 
Fig. 6. Discharge of a type II spindle motor fibre induced by 85 sec of asphyxia. Note the 
irregular pattern of discharge and its inhibition by stretch of the gastrocnemius and soleus 
muscles. Increasing tension signalled as a downward deflexion. oh | 


The effect of asphyaia. In six preparations it was observed that a type II 
fibre discharge could be evoked by tracheal occlusion for 60-90 sec. Some- 
times the fibre did not discharge until after the trachea was opened again. 
In all cases where the effect was seen it was very rapidly progressive, as in 
Fig. 6.. In the early stages of the response, before the frequency had risen too 
high, it could be abolished or slowed by stretching the ankle extensors; but 
when the frequency had risen to 200 impulses/sec muscle stretch no longer had 
any noticeable effect. When the mean frequency lessened towards the end of 
the discharge stretching the muscle again caused clear-cut inhibition. In 
preparations which responded in this way to asphyxia the effect could be 
repeated many times. The effect of asphyxia was due to anoxia, since ventila- 
_. ting the preparation with pure nitrogen from a Starling Ideal pump produced 
the same effect. The effect of asphyxia was not blocked by previous administra- 
tion of acetylpromazine 2 mg/kg. The extrafusal motor fibres are also stimu- 
lated by asphyxia of the preparation after an initial depression, but the 
discharge of these fibres cannot be inhibited by stretching the muscle. 

The effect of hypertensive drugs. In some instances the fibres have been made 
to discharge by the administration of large doses of adrenaline, 50-100 peg 
intravenously. Smaller doses appear to be without effect. Vasopressin 5 1.u. 


intravenously was usually more effective than adrenaline and the effect, like its 
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hypertensive action, was longer lasting. In no instance was the blood pressure 
measured, but the rise produced was usually sufficient to cause apnoea. The 
effect of these drugs on the extrafusal motor fibres was to depress the dis- 
charge. No stimulation of the type II spindle motor discharge was obtained 
by pulling on the carotid arteries. 


The relative sizes of the fibres in the two groups 


No attempt has yet been made to measure the conduction velocities of the © 


fibres in the two groups, but there is no doubt at all that the type II fibres are 
larger than the type I. The type I fibres have action potentials very much 
smaller than those of the extrafusal motor fibres and this finding has been 
consistent throughout the work. The type II fibres have action potentials of 
about the same size as the extrafusal motor fibres. The type I fibres without 
doubt belong to the gamma group of motor fibres and the type II probably to 
the alpha. In only seven experiments have we seen discharges from the two 
groups on the same filament, but in all seven the type II discharge has had the 
larger action potential. In the more recent experiments we have noted that 
in order to obtain a type II discharge it is best to take a relatively large nerve 
filament, about a quarter to a half of the medial gastrocnemius nerve. With 
such a filament the type I discharges are confused in the background noise, 


though they can be heard in the loudspeaker. To record the -amariices from a 


type I fibre a quite fine filament of nerve is necessary. 
It is our opinion that there are probably more of the type I fibres than of the 
type II, but this may be merely a reflexion of the difficultyyof exciting the 


latter. With a low, mid-collicular, decerebration, the type I fibres are extremely \ 
active and it is frequently difficult to split a nerve filament finely enough to ° 


see a single fibre discharge. A low decerebration does not seem to increase the 
activity of the type II fibres, but of this we cannot be certain, since so few of 
the fibres have shown spontaneous activity. 


DISCUSSION 


The results show that excluding activity in the motor fibres to siiteant 
muscle there can be recorded from the remaining motor nerve fibres to the 
gastrocnemius muscle two distinct types of discharges. From the differences 
in amplitude of action potential, the reactions to stretching, anaesthetics and 
- anoxia, it is clear that these two types of discharges come from two separate 
systems of nerve fibres. The question which immediately arises is, what are 
the effector organs motivated by these two systems? In the case of the type I 
fibres there is no doubt that these are the gamma motor fibres studied by 
Leksell and subsequent workers. The gamma motor neurones are motor to the 
intrafusal muscle fibres, and their activation leads not to the development of 
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tension in the muscle but to an increased frequency of discharge of the spindle 
sensory fibres (for a review, see Granit, 1955). 

What then is the function of the type II fibres? There is the possibility that 
they are motor to the extrafusal muscle fibres, since their action potentials 
are of a comparable amplitude. Against this idea is the fact that the charac- 
teristic discharge pattern of the type II fibres has never been recorded with 
concentric needle electrodes from motor units in the muscle. 

Stretching the muscle leads invariably to inhibition of the type II fibre 
discharge, and it has not been possible to reveal any excitatory effect of stretching 
whatsoever. This was true for quick stretches as well as for sustained pulls on 
the muscle, and thus the possibility is eliminated that the type II fibres are 
identical with the phasic or tonic alpha motor neurones of Granit, Henatsch & 
Steg (1956). If the type II fibres are motor fibres to extrafusal muscle then we 
must consider them a distinct group of extrafusal motor fibres unavailable to 
the myotatic reflex or the tendon jerk, but showing strong autogenetic inhibi- 
tion. At the moment it seems more profitable to consider the type II fibres as 
another motor pathway to the intrafusal muscle fibres. Boyd (1958, 1959) has 
shown histologically and with some physiological support that there are two 
types of muscle fibres in the muscle spindles of the cat. The one type has 


‘discrete end-plates and the other has the ‘all over’ innervation characteristic 


of the slow tonic muscles of the frog. The existence of two types of muscle 
renders a dual motor innervation to the spindle likely. In addition, Barker 
(1948) noted that one pole of a muscle spindle may receive its motor innerva- 
tion from several small nerve fibres, whereas the other pole of the same 
spindle is supplied with only one large fibre (see also Cooper & Daniel, 1956). 
The diameter of this fibre is twice that of the small fibres and if this ratio is 
maintained in the motor nerve then the mers fibres could be those of 
type I. 

We have not determined conduction velocities of the type II fibres, so it is 


_ not possible to conclude that they are alpha fibres; but it can be stated with 


certainty that their action potentials are of similar amplitude to those of 
extrafusal motor fibres when these are recorded from the same nerve filament. 


_ Matthews (1933) obtained evidence of intrafusal muscle fibre contraction with 


stimuli to the motor nerve only 10% greater than that necessary to cause a 
maximal twitch of the muscle. This was repeated by Hunt & Kuffler (1951) 
although they interpreted the results differently. Granit, Pompeiano & Walt- 
man (1959) have concluded that some spindles have an alpha motor neurone 
innervation. They were unable to decide from their results whether this was 


_ from.collaterals of extrafusal motor fibres as has been shown for amphibia 


(Katz, 1949), or whether it was a specific motor supply to the spindles. The 


_ present results suggest that the latter interpretation is correct. 


The most reliable criterion for identifying the type II fibres has been their 
9-2 
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inhibition by light stretch of the muscle. This raises the question, which 
receptors in the muscle are responsible for the inhibition? There are three 
possibilities, nuclear bag or myotube endings on the muscle spindles, and 
Golgi tendon organs. We are inclined to exclude the latter because the tension 
required is not high, and it is our impression that the degree of extension of 
the muscle is the stimulus, and not the tension developed. This is supported by 
the results of Henatsch & Schulte (1958) who reported that some spindle motor 
fibres can be inhibited by giving succinylcholine intravenously to the prepara- 
tion. It is known that succinylcholine stimulates the spindle receptors and not 
the Golgi tendon organs (Granit, Skoglund & Thesleff, 1953) so it is possible 
that the inhibition seen by Henatsch & Schulte arose from the spindles. It 
must be pointed out that in their experiments the succinylcholine was given 
intravenously and so presumably produced a generalized excitation of spindle 
receptors all over the body, whereas in our experiments the inhibition of 
spindle motor discharge was strictly autogenetic. 

Before trying to decide which of the spindle receptors are the more likely 
source of the inhibition, we must first look a little into what is known of the 


innervation of the spindles. As was stated above, Matthews (1933) was able to 


activate.the nuclear bag receptors by stimuli to the motor nerve as little as 
10% above the strength necessary to produce a maximum muscle twitch. 
In the same paper he reported that he was unable to activate the myotube 
endings with stimuli at least 30° supramaximal. This remained the position 
until 1954 when Hunt (1954) showed that the myotube endings could be caused 
to fire by small-motor-nerve stimulation. This suggests that Matthews failed 
to excite the myotube endings because the stimuli he used were too weak to 
excite the small motor fibres. There is thus some evidence that the myotube 
endings lie on muscle innervated by gamma fibres but not by alpha fibres. 
The results of Boyd (1959) support this idea. He states, ‘secondary sensory 
innervation occurs on the small muscle fibres almost exclusively’. Thus if we 
take the results of Matthews (1933), Hunt (1954) and Boyd (1959) it seems 
likely that in the compound muscle spindles the large muscle fibres are inner- 
vated by large motor fibres and the activation of this system leads to a dis- 
charge of the nuclear bag endings alone; the small muscle fibres are supplied 
with small motor fibres and activity in this system leads to the discharge of 
the myotube endings and probably the nuclear bag endings as well. This is all 
highly speculative and we must await the results of studies on isolated muscle 


spindles before it can be decided whether it is an accurate picture of the com- 


plex motor and sensory innervation of the muscle spindles. 

The results of Hunt & Kuffler (1951) and of Granit e¢ al. (1959) show, how- 
ever, that activation of alpha motor neurones causes a discharge of the 
nuclear bag endings. One would not expect this sensory discharge to be 
inhibitory to the same motor neurones; such a high degree of negative feed- 
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back would be difficult to interpret. We suggest therefore that the myotube 


endings are the receptors responsible for the autogenetic inhibition of the type II 
fibre discharge. 7 


SUMMARY | 

1. A study has been made of the motor discharges in single units to the 
gastrocnemius muscles of the decerebrate rabbit. Excluding the discharges of 
the extrafusal motor fibres there are two types of discharge pattern which we 
have, for want of a better name, called type I and type II. We have assumed 
these fibres to be spindle motor fibres. | 

2. The type I fibres have a regular discharge pattern. This is easily affected, 
usually increased, by skin stimulation. An increase in the discharge frequency 
is frequently followed by a rise in the tension of the gastrocnemius muscle. 
Stretching the gastrocnemius muscle has little effect on the frequency of 
discharge of these fibres. Ether and urethane increase the frequency of 
discharge ; chloralose, thiopentone, hexobarbitone and acetylpromazine depress 
the discharge. 

3. The type II fibres have an irregular discharge pattern and can only be 
influenced with great difficulty, if at all, by skin stimulation. Stretch of the 
gastrocnemius muscle strongly inhibits the discharge. The discharge is power- 
fully facilitated by asphyxia, by anoxia or by adrenaline or vasopressin in 
large doses. 

4. The type II fibres have larger action potentials than the type I and it is 


_ assumed that the type II fibres belong to the alpha group. The action potentials 
of the type II fibres are of similar amplitude to the extrafusal motor fibres. 


5. The results are discussed in relation to what is known of the spindle 
motor innervation. 


We are indebted to the Medical Research Council for a grant for scientific assistance in con- 
néxion with this work. | 
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Note added in proof. After this paper was accepted for publication it was 
discovered that the left leg was not completely denervated, as was stated in 
Methods. Throughout the work the nerve to the short head of the biceps 
femoris muscle was intact. We have since done more experiments taking 
care to cut this nerve and have shown that the inhibition of discharge of 
the type II fibres produced by pulling on the Achilles tendon is still present. 
As an additional control it has been shown that the inhibition disappears 
_ when the nerves to the gastrocnemius and soleus muscles are cut. There is 
therefore no doubt that the inhibition of the type II fibres is autogenetic. 
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THE BLOOD-BRAIN BARRIER AND THE EXTRACELLULAR 
SPACE OF BRAIN 


By H. DAVSON anp E. SPAZIANI* a 
From the Medical Research Council, Department of Physiology, University 
| College London 


v (Received 10 June 1959) 


When certain substances, e.g. thiocyanate, iodide, sucrose, etc., are injected 
into the blood stream, and their concentration in this fluid is maintained at a 
steady level, equilibration with the nervous tissue requires many hours or 
even days, whereas the equilibration of the same substances with the extracel- 
lular space of muscle is attained in a matter of seconds or minutes. It is this 
phenomenon that has given rise to the term blood-brain barrier, and has 
been attributed to the presence of exceptionally impermeable capillaries in 


_ nervous tissue, this impermeability being either a characteristic of the capillary 


endothelium or due to the presence of some other cellular layer, e.g. one com- 
posed of the processes of glial cells. 

However, recent electron microscopical studies have indicated a virtual 
absence of an extracellular space in brain tissue (Wyckoff & Young, 1956; 


‘Schultz, Maynard & Pease, 1957; Horstmann, 1957; Farquhar & Hartmann, 


1957). In consequence it has been argued, for example by Maynard, Schultz 
& Pease (1957) and by Edstrém (1958), that it is unnecessary to postulate the 
presence of any special barrier between blood and the tissue, since the very 
slow penetration of these typically ‘extracellular’ substances would be — 
accounted for by the absence of an extracellular fluid for them to penetrate, 
such uptake as did occur representing penetration of cells, which would 
necessarily be very slow with these substances. | 

This argument can, however, be put to a very simple and unequivocal test. 
If the very slow uptake of thiocyanate, for example, were due solely to the 
circumstance that it had to penetrate cells, then clearly we should expect 
a similarly slow, or even slower uptake by excised tissue incubated in a Krebs- 
Ringer solution; by contrast, the uptake by excised muscle under the same 
conditions should be relatively rapid. In the present work, therefore, the 
penetration of 4], sucrose and p-aminohippurate (PAH) into brain and muscle 

* Squibb Fellow of the Endocrine Society (U.S.A.). 
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has been studied both in vivo and in vitro. The studies in vivo have provided 
quantitative information as to the extreme slowness with which these sub- 
stances pass into the nervous tissue; whilst the studies in vitro, carried out 
on pieces of brain subjected to a minimum of damage (i.e. without slicing), 
have shown that penetration into this tissue is about as rapid as into muscle, 
and occurs to an extent that is commensurate with the presence of an extracel- 
lular space of at least 15° of the tissue. The results prove, therefore, that the 
concept of a blood-brain barrier is sound. 


METHODS 
Studies in vivo. A definite plasma level of the substance to be examined was established by intra- 
venous injection into the unanaesthetized rabbit, and maintained by continuous intravenous 
infusion with the apparatus described by Davson & Purvis (1952). At the appropriate time the 
rabbit was anaesthetized with pentobarbitone, a sample of cerebrospinal fluid was removed, and 
the animal was decapitated. The entire brain, less cerebellum, was removed, homogenized, and 


Somogyi filtrates of known amounts were made for the appropriate analysis or estimation of 


radioactivity. Since the amount of blood remaining in the brain might influence the apparent 
amount of substance penetrating, some experiments were carried out to estimate the average 
amount left. Blood cells were labelled with "Cr according to the method of Sterling & Gray.(1950) 
and the amount remaining in the brain after decapitation was determined. 

_ Studies in vitro. Pieces of otherwise intact cerebral hemisphere and of diaphragm from rabbits, 
removed under pentobarbitone anaesthesia, were used. The pieces of brain averaged 1 cm* in area ; 


their thickness was on the average 2:3 mm whilst with diaphragm it was 1-5mm. Incubation 


was carried out at 40° C under an atmosphere of 100% O, in a balanced Krebs—Ringer-phosphate 
medium (Krebs, 1950) which in addition contained, according to the experiment, !*I in 25% Nal 
(not exceeding 7 parts of this solution to 93 parts of the Krebs medium); 4 parts of 12% sucrose 
to 16 parts Krebs medium; 100 mg PAH in 100 ml. of medium; *4Na in isotonic NaCl-NaHCO, 
(not exceeding 2 parts of this solution to 98 parts of Krebs medium). When the outflux of chloride 
from the tissue was studied, the chlorides in the medium were replaced with nitrates. At varying 
intervals of time pieces were removed from the medium, rinsed for a few seconds in 12% sucrose 
(NaCl solution 0-9% (w/v) was used in the sucrose experiments); gently blotted, weighed and 
homogenized; Somogyi filtrates were made and the appropriate analysis or determination of 
radio-activity was carried out. 

Analytical. Chloride was measured by the method of.Sendroy (1937); sucrose by that of Hage- 
dorn & Jensen (1923) before and after hydrolysis; PAH by the Bratton & Marshall (1939) tech- 
nique. Radioactivity of I and “Na was estimated in a liquid counter of the M6 (20th Century 
Electronics) type, corrections for resolving time, decay and background being made when neces- 
sary. The X-radiation of “Cr was determined with a well-type scintillation counter. 


RESULTS 
Volume of blood in brain tissue 
On the average, the experiments with labelled erythrocytes indicated that 


1-2 ml. of blood remained in each 100 g of brain; where necessary, therefore, a 
correction for this residual blood has been made for the experiments in vivo. 


The barrier to PAH, ™ I and sucrose 
The very slow penetration of these substances from blood to brain is 


illustrated in Fig. 1 (left), where the ‘space’ occupied by the substance has 
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been plotted against time Gubing which a constant concentration was main- \_ 


tained in the plasma. By ‘space’ is meant the volume of water required to 
dissolve the amount of substance found in 100 g of tissue to give a concentra- 
tion equal to that in an ultrafiltrate of plasma. For example, 


m-mole Cl/100 g tissue 
m-mole Cl/100 g plasma filtrate * 
The figure shows that, with brain, this amounted to only about 1% of the 


tissue after 6 min, whilst after 2 hr it had only risen to 3-4%. The horizontal 
line indicates the chloride space, so that after 2 hr the system is very far from 


chloride apace. = x 100. 


40 
Brain Diaphragm 
Cl 
‘3 
= 
2F 
| 
10 - 


Duration of infusion (min) 


_ Fig. 1. Penetration of PAH, ®, sucrose, @, and I, ©, into brain and diaphragm muscle of 


rabbits infused with the test substance for 6 or 120 min. The ordinate refers to the volume 
of tissue water (per 100 g tissue) that contains the same concentration of the test substance as 
in a plasma dialysate. Each point represents the average of determinations in 4-10 animals; 
S.E. shown as vertical lines. 


Taste 1. Values of the ratio (conen. in c.s.f.):(concn. in plasma) 120 min after establishing a 
constant concentration in the plasma; +8.z. 
*Na 131] Sucrose 
0-40 + 0-02 0-012+0-001 0-010+0-001 


PAH 
0-002 + 0-0005 


achieving equilibrium with this space, if we suppose that this is possible. 
To the right of Fig. 1 are the results for penetration into muscle; once again 
the horizontal line indicates the chloride space. By contrast with brain there 
is a rapid equilibration, so that within about 6 min the volume of distribu- 
tion corresponds approximately to the chloride space. Interestingly, after 
2 hr there is some further penetration of PAH presumably into the cells of 
the muscle. In confirmation of earlier results (Davson, 1955), the rates of 
penetration of these substances into the cerebrospinal fluid were very slow, as 

is indicated by Table 1, where the penetration of Na is included for 
comparison. 
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Incubation 


The uptake of #4I and Na by pieces of isolated brain is shown in Fig. 2, 
where the chloride space has also been plotted. The slow drift upwards of the 
chloride space indicates that the tissue was deteriorating a little, and it is 
presumably for this reason that the uptake of *Na goes beyond the normal 
limit observed in studies in vivo, namely to show a “Na space of 34:6 % (Dav- 
son, 1955). The important point, however, is the rapid and smooth uptake of 
181], which contrasts so strongly with its negligible uptake in vivo. From the 
curve a fairly rough approximation to the effective diffusion coefficient of 
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Fig. 2. Penetration of *Na and “I, and changes in chloride space, in pieces of cerebral hemi- 
sphere incubated at 40° C. Ordinate as in Fig. 1. Each point represents the average, of 6- 
10 incubations; s.£. shown as vertical lines. 


131] in the tissue may be made. This comes out at 5 x 10-* cm2/sec, which com- 
pares with a value of 1-2 x 10-° cm?*/sec for free diffusion of NaCl in water. 
Under the same conditions,'% vitro, ™'I penetrated diaphragm muscle in a 
comparable fashion, giving an apparent diffusion coefficient i in this tissue of 
3°5 x (Fig. 3). 

Brain or diaphragm, incubated in the presence of PAH, gave uptake curves — 
of almost identical shape (Figs. 4 and 5), suggesting penetration into extracel- 
lular space associated with some penetration of cells. By contrast, the uptake 
of sucrose by the brain tissue (Fig. 4) ceased at an apparent equilibrium 
condition corresponding to a sucrose space of 15-59%. Sucrose continued 
to penetrate the diaphragm up to 40 min (Fig. 5), and we must conclude from 
this that some of this penetration, like that of PAH, was intracellular, pos- 
sibly due to deterioration of the tissue. 

The washing out of chloride from brain tissue was studied by soaking it in 
a medium in which —* was replaced by nitrate. ™!I was present in the 
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medium so that the simultaneous uptake of this isotope could be measured. 
In Fig. 6, curve A represents the change of chloride space with time. It 
apparently approaches asymptotically a value of 10%. Curve C shows the 


40 r- é} 


Space (ml./100 g) 
8 


0 10 20 30 
Incubation time (min) 
Fig. 3. Penetration of I, and changes in chloride space, in diaphragms incubated at 40° C; 
ordinate as in Fig. 1. Each point represents the average of 4-7 incubations. s.z. shown as 
vertical lines. | 
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Fig. 4. Penetration of PAH and sucrose in pieces of cerebral hemisphere incubated at 40° C; 
ordinate as in Fig. 1. Each point represents the average of 4-9 incubations. 8.E. shown as 
vertical lines. 


uptake of “Na under the same conditions, whilst the dotted curve B shows 
how the chloride space would have decreased had all the chloride in the tissue 
been in the same compartment and had diffused out at a rate corresponding 
to the initial rate, i.e. with a computed coefficient of about 6 x 10-* cm*/sec. 


4 
fl 
: 
—_ 
134 
agg 
a 
i 
7 


140 


40 r- 


Space (mi./100 g) 
T T 


= 


H. DAVSON AND E. SPAZIANI 


L 


0 10 


Fig. 5. Penetration of PAH and sucrose 
_ Each point represents the average 
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20 30 40 
Incubation time (min) 
in diaphragm incubated at 40° C; ordinate as in Fig. 1. 
of 4—10 incubations. s.z. shown as vertical lines. 
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Fig. 6. Penetration of I into (C) and the loss of chloride from (A), pieces of cerebral hemisphere 


incubated (at 40° C) in Krebs-Ringer-phosphate medium in which chloride was replaced by 
nitrate. Curve B represents the chloride loss expected if all the tissue chloride were equally 
diffusible. Ordinate as in Fig. 1. Each point represents the average of 8-12 incubations. 


S.E. shown as vertical lines. 
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DISCUSSION 


The present studies have demonstrated in the intact rabbit a marked blood-to- 
brain barrier to the passage of PAH, sucrose and ™!I; thus supplementing 
several earlier investigations, e.g. those of Wallace & Brody (1939), who 
studied the penetration of iodide, bromide and thiocyanate into the brain 
of the dog. The uniform finding in the present work is that these substances 
achieve a volume of distribution in the brain that is only a small fraction of 
the chloride space. By contrast, in diaphragm muscle equilibrium at or near 
the level of the chloride space is attained within the first few minutes of 
infusion. 

In vitro, however, the difference observed in vivo between brain and muscle 
disappears, '*] diffusing into either at comparable rates that are not far 
different from those expected with free diffusion in water. Unlike the state 
of affairs during other studies of nervous tissue in vitro (e.g. McLennan, 1957), 
the brain was not cut into fine slices so that it cannot be argued that this 
uptake im vitro is due to penetration of damaged cells, or the opening up of 
pathways that would normally be closed in vivo. It is impossible to escape 
the conclusion, therefore, that there is a compartment in the brain into which 
such substances as 1], sucrose and PAH could diffuse were there not some 
barrier between the blood and this compartment; that is to say there ts an 
appreciable extracellular space, entry to which is impeded by a blood—brain 
barrier. 

The only other point that may be profitably discussed here is the estimate 
’ of the volume of the extracellular space of brain that may be derived from the 
present studies. The chloride space found in most of the present studies, and 
in earlier work, is 32°, and this may be taken as an upper limit to the extracel- 
lular space. Washing-out experiments indicate, on the other hand, the pre- 
sence of a residual amount of chloride corresponding to 10% of the tissue; 
if this represented intracellular chloride, it would mean that the true extracel- 
lular space was reduced by 10%, i.e. to 22%. This would imply, of course, 
that the chloride diffusing out rapidly was entirely extracellular but, in view 
of the manifest non-homogeneity of cerebral tissue, such a rigid separation of 
_ the chloride into two compartments is scarcely justified, and it may be that 
the electrolytes contained in the myelin, for example, may diffuse out more 
readily than those contained in axons (Shanes & Berman, 1955). Sucrose 
penetrates the nervous tissue to give a volume of distribution corresponding 
to a sucrose space of only 14-15%, and it seems fairest to take this as a lower 
limit, since this space is maintained during incubation for over an hour. 
It is interesting that under the same conditions the chloride and **Na spaces 
would have been abnormally high, about 42 and 50% respectively. Presum- 
ably the deterioration in condition of the tissue consists mainly in a passage 
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of sodium and chloride into the cells; if this is not accompanied by a cor- 
_ responding loss of potassium, we may expect an increase in cellular water, with 
a possible contraction of the extracellular space, so that it may be that this is 
why the sucrose space appears so constant, the actual extracellular space 
decreasing with time, whilst equilibration with the outside fluid (inward 
diffusion of sucrose) proceeds. If this is true, the sucrose space does indeed 
correspond to a lower limit, and it might be concluded that the extracellular 
space—viewed as a compartment of the tissue into which diffusion from an 
outside medium takes place at a rate comparable to diffusion into the extracel- 
lular fluid of other tissues such as muscle—lies between 14 and 22%. 


SUMMARY 


1. The argument that the blood-brain barrier is due to the absence of an 
appreciable extracellular space, rather than to any impediment to escape from 
the capillaries, has been investigated. 

2. It has been shown that substances such as iodide, p-aminohippurate 


and sucrose, when injected into the blood, penetrate brain tissue at barely 


measurable rates by contrast with their penetration into skeletal muscle. 
When penetration into isolated pieces of brain hemisphere from an incuba- 
tion medium is studied, on the other hand, the uptakes are comparable in 
rate and amount with those in skeletal muscle. This proves that there is, in- 
deed, a ‘space’ into which these substances can diffuse readily, so that failure 
of this space to be occupied in experiments in vivo —- the presence of a 
barrier to diffusion from the vascular system. 


3. Possible upper and lower limits to the skosiiale: space of brain are 
discussed in the light of the present studies. 


We are grateful to Dr T. A. J. Prankerd for allowing us to use his apparatus for measuring 
radioactivity of "Cr; and to Mr C. E. Purvis and Miss L. Hayong for their valuable assistance 
throughout this work. 
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BREATHING AND THE THERMAL ENVIRONMENT 
IN YOUNG RABBITS 


By K. ADAMSONS, Jr.* 
From the Nuffield Institute for Medical Research, University of Oxford 


(Received 29 June 1959) 


In new-born babies administration of low-oxygen mixtures caused a transient 
hyperpnoea, which was no longer present after a few minutes (Cross & Oppé, 
1952). Later experiments showed that under similar circumstances the rate 
of oxygen consumption was reduced (Cross, Tizard & Trythall, 1958). The 
effect of changing the thermal environment was not observed. Both phenomena 
have been seen in new-born rabbits when the environmental temperature was 
low (Dawes & Mott, 1959), and it therefore seemed possible that there was a 


physiological relationship between them. However, oxygen consumption and 


breathing were not measured in the same animal. The present investigation 
was designed to make these measurements simultaneously, and hence to obtain 
a quantitative estimate of the changes in O, consumption and respiratory 
minute volume in the neutral environment (at a temperature such that 0, 
consumption is minimal) and during cooling. A short account of this work 
has been given (Adamsons, 1959). 


METHODS | 

Forty-six rabbits 0-5-60 days old were anaesthetized with either urethane (1-1-2 g/kg 1.v.; 37) 
or chloralose (50 mg/kg 1.v.; 5) or sodium pentobarbitone (20 mg/kg intraperitoneally; 4). Some 
new-born rabbits anaesthetized with 1-2 g/kg urethane required a supplementary dose of 0-2 g/kg 


_ after a few hours. The animal was placed on its side and the trachea was cannulated; as little 


restraint was used as possible. Rectal temperature was measured by a thermocouple or a mercury 
thermometer, inserted deeply into the sectum. 

Respiratory rate, tidal air and 0, consumption were measured by the apparatus described by 
Cross, Dawes & Mott (1959) for use in lambs or sheep, suitably reduced in size. The tracheal 


cannula was attached to a closed circuit, 1 1. in volume, through which gas was circulated by a _ 
rotary blower, and from which carbon dioxide was removed by soda-lime. The rate of gas flow 


through the circuit was measured by a rotameter and adjusted to be about five times the observed 
minute volume. The expiratory volume and O, content of the system were maintained constant by 
automatically replacing the oxygen used by the animal during each breath. The O, content of 
the inspired air was measured by passing a small fraction of it through a polarograph, whence it 
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was returned to the closed circuit. The temperatures of the gas within the circuit and of the 
oxygen admitted to it were recorded at intervals. The O, content of the system was reduced either 
by flushing it with a gas mixture of low oxygen content or, more slowly, by replacing the oxygen 
used by the animal with air. After a period of time during which the animal breathed 10% 0, 
the oxygen content of the circuit was rapidly restored to 21% or slightly more by diverting the 
flow of gas for 1-2 min through a reservoir filled with oxygen. 

Tidal air was measured by a float recorder which was designed to give faithful records at high 
respiratory rates (Fig. 1). The float was made of 0-005 in. (0-127 mm) aluminium, pivoted on two 
needle points and counterbalanced by the writing lever made of the same material. The displace- 
ment was 72 ml./radian, which gave a deflexion of 4 mm/ml. at the writing point, with less than 
1% departure from linearity over the working range. Its moment of inertia was less than 


Fig. 1. Sectional view of float recorder for measuring tidal air in young rabbits. 


150 g. cm*, with a calculated natural frequency of 30 c/s when attached to an air reservoir of 1 1, 
When this float was placed in the conventional manner on water, the surface area of which was 
96 cm* and depth 2-5 cm, and was displaced by a sinusoidal pump over 0-16 radian, it showed a 
resonating frequency at about 70 c/min (Fig. 2). This was attributed to the low natural frequency 
of the water. When the water surface area was reduced by 85 % (by inserting a metal plate beneath 
the float), the performance was greatly improved. At a frequency of 240 c/min the harmonic 
increase in amplitude was only 12% (Fig. 2). . : 

During experiments in the neutral environment the surrounding air was maintained at 26-27° C; 
heat was simultaneously supplied by convection from below and by radiation from one 100 W 
lamp, the distance of which was adjusted according to the needs of the animal. The inspired gas 
had a temperature of 22-25° C and was saturated with water vapour. Cooling of the smaller 
_ rabbits was accomplished by removing the heat sources. In larger rabbits it was also necessary 

to apply small ice packs over the inguinal regions. | 


RESULTS 


A seer of preliminary experiments were undertaken to determine the 
response Of young rabbits to low oxygen mixtures. One of these is illustrated 
in Fig. 3. When the rabbit (405 g weight, 20 days old) was placed in a warm 
environment (@), progressive reduction in the oxygen content of the inspired 
air had no significant effect on oxygen consumption until the oxygen content 
was less than 9%. When the rabbit was placed in a cool environment (©) and 
was given air to breathe, oxygen consumption was much increased. As the. 


O, content of the inspired air was reduced below 12% oxygen consumption 
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Fig. 2. Amplitude: frequency diagram of the float recorder illustrated in Fig. 1, without the 
metal plate used to reduce free water surface (©), and with this plate in position (@). 
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Fig. 3. Rabbit 405 g, 20 days old, urethane anaesthesia. The rate of O, consumption (ml./min 
s.t.p.) has been plotted against the O, content (%) of the inspired air in the neutral environ- 


ment (@), and in a cool environment (0). 


a 
ti 
“ 
a 
a 
> 
2 


BREATHING IN YOUNG RABBITS 147 


decreased, and approximated to that observed in the warm environment. 
Other similar experiments gave the same result, and it was also seen that the 
respiratory behaviour of the rabbits differed according to whether they were 
in a cool or @ warm environment. It was decided to examine more closely 
the changes in response to administration of air or 10% O,. The figure of 
10% O, was chosen because at that level there was a considerable and well 
maintained increase of the minute volume of breathing, but no reduction of 
oxygen consumption in a warm environment. 

Another unknown factor to be investigated was the response of the new-born 
rabbit to a cold environment. It was found that all new-born rabbits increased 
their 0, consumption on exposure to cold. A rabbit weighing 50 g and less 
than 12 hr old more than doubled its rate of 0, consumption, though its rectal 
temperature fell simultaneously from 38 to 37° C. 

A further series of experiments concerned the method by which the oxygen 
content of the closed circuit was reduced from 20-9 to 10%. At first it was 
changed stepwise, over a period of up to an hour, as in the experiments from 
which Fig. 3 was derived. It was then difficult to be sure that any changes 
observed in breathing were only attributable to the changes in gas composition, 
because of the time interval and the possibility of an alteration in the depth of 
anaesthesia. Thereafter the gas content of the circuit was reduced rapidly, 
during 2-3 min, by washing it out with 10% O, the temperature of which had 
been adjusted to that of the circuit. 3 

A number of initial experiments were done under pentobarbitone anaesthesia, 
but, unlike chloralose or urethane, this was found to reduce the respiratory 
rate very much below that observed in unanaesthetized rabbits. The effects of 
hypoxia and cooling under chloralose and pentobarbitone were qualitatively 
similar to those observed under urethane. But since urethane was easier than 
chloralose to administer, particularly in very young rabbits, all but two of the 
_ following experiments were done, under urethane. 


In the neutral environment 


Breathing air. Usually, in each experiment, the first procedure after at- 
taching a rabbit to the closed circuit was to determine the environmental 
conditions under which 0, consumption was minimal, while it was breathing 
air. External heat was progressively applied until no further reduction in O, 
consumption was observed. At this point the mean rectal temperature was 
38-2° C; environmental temperature was 26-27° C, but additional. heat was 
also being supplied by convection and radiation. In a few instances still more 
heat was applied until the rabbit began to pant, and rectal temperature rose 
above 40°C. However, 0, consumption did not increase significantly under 
these circumstances. The minimal 0, consumption of seven rabbits less than 
6 days old, breathing air, was 17-2+ 1-1 (s.z.) ml./kg. min. That of 
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rabbits 6-28 days old was 15:3+0-7 ml./kg.min. The difference between these 
two groups was not significant. On the other hand, respiratory minute volume 
per unit body weight was greater in the younger rabbits (720 + 31 ml./kg. min) 
than in the older (480 +26 ml./kg.min), mainly because of their relatively 


TaBLE 1. Changes in 0, consumption and in the minute volume of breathing in rabbits 
on exposure to 10% O, and to cold 


Change in O, consumption (%) Change in minute volume (%) 
Age Breathing ... 10%0, Air 10%0, 10%0, Air 10% 0, 
(days) Environment ... Neutral Cool Cool Neutral Cool Cool. 


0-5 03 438 102420 -12 66410-7 3347-1 1643-7 
6-28 0554096 40+ 7:5 06455 90+ 69 22141 4645-6 


- All changes are related to standard conditions in the neutral environment and breathing air. 
The changes are calculated from mean observations over periods of 10-15 min steady conditions. 


Breathing . Air 10% O» Air 


uw 


O, consumption 
(mi./min) 


1 


Respirations 
per minute 


Rectal temp. (°C) 379 
Fig. 4. Rabbit 307 g, 14 days old, urethane anaesthesia. Records from above downwards of 0, 
consumption (ml./min s:t.p.), tidal air (ml. s.t.p., inspiration upwards) and respiratory rate 
in the neutral enyironment, while breathing air or 10% O,. Time marker, 1 min. 


larger tidal air. The respiratory rate showed no significant variation with body 

weight, and had a mean value of 63-0 + 2-6/min for both groups combined. 
Breathing 10% O,. When the O, content of the inspired air was reduced to 

10%, in the neutral environment, there was no significant change in O, 
consumption (Table 1). Figure 4 shows a representative experiment. There : 
was always a large increase in respiratory rate (mean 69%) and a small 
increase in tidal air (mean 11%). It was not uncommon to see a small decline 
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in respiratory rate after the first 10-15 min. The minute volume was increased 
significantly more in rabbits 6-28 days old than in rabbits 0-5 days old 
(Table 1). 


In a cool environment 


Breathing air. After a period of time in the neutral environment the rabbits 
were cooled until the rate of O, consumption had increased to a plateau. This 
took 10-15 min for rabbits less than 6 days old (weighing 45-120 g), and as 
much as 45 min for older rabbits (up to 500g). The increase in 0, consumption 
averaged 102% in rabbits 0-5 days old, but shivering was not observed. In 


Breathing _— Air 10% 0, 


O, consumption 
(mi./min) 


Tidal air 
(mi.) 


Respirations 
per minute 


Rectal temp. (°C) 
Fig. 5. As Fig. 4, while breathing air or 10% O, in a cool environment. 


the older rabbits the increase in 0, consumption was 40%, and shivering was 
visible. Body temperature fell to a greater extent in the younger rabbits 
(mean from 38-4 to 35-3° C) than in the older (mean from 38-1 to 36-0° C). 

When the rabbits were cooled there was a maintained increase in the minute 
volume of respiration (Table 1). This was due to an increase in both tidal air 
and respiratory rate. 

Breathing 10% O,. After the rabbits had reached a steady state in a cool 
environment, they were given 10% 0, to breathe. O, consumption invariably 
decreased (Fig. 5), in the 6-28-day- -old rabbits to the level seen in the warm 
environment breathing air, in the 0-5-day-old rabbits to below this level 
(Table 1). Rectal temperature began to fall rapidly, particularly in the 
smaller rabbits. This was usually minimized by the application of a little extra 
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heat, in order that observations of the respiratory changes could be continued 
under approximately the same conditions. 

Administration of 10% 0, in a cool environment caused an immediate 
increase in the ‘ninute volume of breathing. But within a few minutes the 
hyperpnoea decreased to a lower value (Fig. 4). In the rabbits 0-5 days old 
the minute volume actually fell below that observed when breathing air in a 
cool environment. In the older rabbits the minute volume was, on the 
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Fig. 6. Chesnais from twenty-four rabbits breathing air in the neutral environment to show _ 
the change in the ratio of minute volume of breathing to oxygen consumption with increasing 
weight. 

average, greater than that observed when er air in a cool environment, 

but still much less than when breathing 10% O, in a w@sm environment 

(Table 1). 

Qualitatively similar changes have been observed in rabbits several months 

_ old, weighing up to 1-2 kg, and also in three new-born puppies anaesthetized . 

_ with chloralose. In the latter, however, both the increase in O, consumption 

and the ability to withstand hypoxia in the cold were less than in rabbits. 


The ratio of minute volume to O, consumption | 


It will be apparent from the mean figures quoted above that, in the neutral 
environment and while breathing air, the ratio of minute volume to 0, consump- 
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tion is greater in the younger rabbits. In Fig. 6 this ratio has been plotted 
against body weight. The volume of air moved through the respiratory passages 
for each millilitre of O, consumed is considerably greater in the smaller rabbits. 
Table 2 shows that under all the conditions studigd, breathing air or 10% O,, 
in the warm or in the cold, this was still true. (The discrepancy in the values 
of the ratio which can be derived from the mean figures given in Table 1, and 
those which are quoted in Table 2, is'due to the different methods of calcula- 


tion.) Wt is interesting that im new-born lambs no such difference was observed. 
(Cross et al. 1959). | 


TaBE 2. Volume of gas inspired for each millilitre 0, consumed in rabbits 


0-5 days old 6-28 days old 
Environment Breathing (ml.) (mk) 
Neutral Air 4542-8 29+0-7 
Neutral 10% 0, 9244-9 6141-7 
Cool 38+ 2-8 29 +0-6 
Cool  40%0, 66+ 5-6 4741-0 


The ratios are derived from simultaneous observations on each rabbit. 


DISCUSSION 


The rabbit is born in a relatively immature condition, and the numbers in 
each litter are large. It weighs about 50 g at birth, has little fur and can crawl 
only with difficulty. Its arterial blood pressure is only 30-40 mm Hg, and it is 
cared for in a nest, where the proximity of its litter mates and its mother must 
make temperature regulation easier. It was therefore surprising to find that 
within the first few hours after birth the rabbit can increase its oxygen con- 
sumption about twofold in response to cold. Nevertheless, because of its 
small size and relatively large surface area its thermal stability is poor. 
Shivering was not visible in the cold until several days from birth, but there © 
is no reason to believe that the means by which O, consumption is increased 

is different from that in older rabbits. | 

The results demonstrate that, in the new-born or young rabbit, breathing 
10% O, causes a well maintained hyperpnoea in the neutral environment. 
In a cool environment administration of 10% O, leads to a reduction in O, 
consumption, and the concomitant hyperpnoea is less, or even absent. How 
does this come about? There is one obvious explanation. When O, consumption 
is reduced, CO, production will be correspondingly less, and therefore the 
arterial partial pressure of CO, should be less. This stimulus to breathing will be 
correspondingly smaller, irrespective of the means whereby hypoxia reduces 
0, consumption. There are other possibilities which will need to be investigated. 
Thus, placing a rabbit in a cool environment may produce a change in the 
sensitivity of the respiratory centre to the arterial partial pressure of CO, 
or of O,. It is interesting to note from Table 2 that reducing the O, content 
of the inspired air from 21 to 10% caused, in the neutral environment, an 
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increase in the volume of gas inspired for each ml. O, consumed by a factor of 
2-04-2:10. But in a cool environment it increased only by a factor of 1-62-1-74. 
The observations on the change in oxygen consumption during administra- 
tion of 10% O, agree very well with those of Hill (1958) on unanaesthetized 
young kittens and adult guinea-pigs. In these, as well as in new-born and 
young rabbijs, exposure to a cold environment caused a considerable increase 
in O, consumption, which increase was much reduced or abolished when the 
O, content of the inspired gas mixture was decreased from that of air to 10%. 
In rabbits the minute volume of breathing was less while breathing 10% QO, in 
a cool than in a warm environment. Part of the reduction of 0, consumption 
in these circumstances may therefore have been due to the decrease in the work 
of breathing. In young rabbits, as in new-born lambs (Cross ef al. 1959), a 
further decrease in the O, content of the inspired air, below 10%, entails a 
fall in O, consumption below that observed while breathing air in the neutral 


- environment (Fig. 3). The well established susceptibility of shivering (and of 


the accompanying increase in metabolic rate) to hypoxia in young and adult 
animals is not, therefore, the sole factor involved in the metabolic response to 
administration of low-oxygen mixtures. In a cool environment, the reduction 
of oxygen consumption caused by hypoxia is accompanied by a fall in body 
temperature, particularly in small animals, and this further complicates 


_ analysis of the physiological mechanisms which are involved. 


Finally we may reconsider Cross & Oppé’s (1952) conclusions in the light. of 
the present observations. In 1952 it was not known that administration of 
15° oxygen to new-born babies causes a fall in oxygen consumption. They 
therefore concluded that the failure to maintain hyperpnoea during hypoxia 
was due to depression of the respiratory centre. It is now clear that there is an 
alternative explanation for this phenomenon, since the observations may have 


been made in a thermal environment which, for the new-born pos was 


below the neutral. 


SUMMARY 


1, Oxygen consumption and breathing were measured simultaneously in 
anaesthetized new-born and young rabbits, in either a neutral or a cool 
environment, breathing air or 10% oxygen. 

2. In a neutral environment hypoxia caused a well maintained and con- 
siderable hyperpnoea, but no change i in O, consumption. 

3. Cooling caused an increase in O, consumption and a moderate hyper- 
pnoea. In a cool environment, caused a decrease in O, consumption 


and only a small change in breathing. — 


I wish to thank Dr G. 8. Dawes for advice and encouragement, Dr D. G. Wyatt for help in the | 
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THE NATURE OF THE PHASIC AND THE TONIC RESPONSES 
OF THE ANTERIOR BYSSAL RETRACTOR 
| MUSCLE OF MYTILUS 


By B. R. JEWELL 
From the Laboratory of the Marine Biological Association, Plymouth* 


(Received 1 July 1959) 


Since Winton (1934) first introduced the anterior byssal retractor muscle 
(ABRM) of Mytilus into muscle physiology, various workers have found that it 
provides a particularly suitable preparation for use in studying the physiology 
of lamellibranch muscle. Its virtues are, first, that it is made up of a homo- 
geneous population of muscle fibres, each of which probably extends from one 
end of the muscle to the other; secondly, that it can easily be isolated intact 
for experiments in vitro. Various types of stimuli will make the muscle contract, 
but the time course of the relaxation that follows depends on the nature of the 
stimulus. This has provided a convenient basis for dividing the responses of the 
ABRM into two general categories; ‘phasic’ responses, in which the relaxa- 
tion is complete within about 30 sec, and ‘tonic’ responses, in which the cor- 
responding degree of relaxation may take from several minutes to several 
hours. In general, acetylcholine and direct-current stimulation produce. tonic 
responses, and most other forms of electrical stimuli produce phasic responses. 

In the interpretations that have been given of the behaviour of the ABRM 
during phasic and tonic responses there has been an exacerbation of the tradi- 


tional controversy that exists over the nature of the tonic contraction pro- 


duced by many lamellibranch muscles. The controversy arose at the beginning 
of the century when there was disagreement over the suggestions made by 
certain workers (for references, see Griitzner, 1904; Marceau, 1909) that this 
type of muscle contains a special (passive) mechanism which enables it to 
maintain contractions economically for long periods. The concept of a ‘catch’ 
mechanism was first considered in detail by Griitzner (1904), and it was greatly 
strengthened by von Uexkiill’s (1912) classical experiments on the adductor 
mechanism of Pecten. However, other workers rejected the idea that a special 
mechanism is necessary for the maintenance of a tonic contraction. It has 
been argued that in view of the intrinsic slowness of this type of muscle, 
: * Present address: Department of Physiology, University College London. 
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considerations of the economics of the situation do not exclude the possibility 
that the tonic contraction is tetanic in nature (see Ritchie, 1928; Bayliss, 1928). 

These two points of view are usually referred to as the ‘catch-mechanism’ 
and ‘tetanus’ hypotheses, respectively, and it has commonly been supposed 
by those engaged in the controversy that the two must necessarily be mutually 
exclusive, and that one or other hypothesis must be correct. Criteria for dis- 
tinguishing between them have been based on three quite different features of 
muscular contraction; and interest has been concentrated on (i) the type of 
activity in the excitatory system, (ii) the energy cost of the contraction, and 
(iii) the changes in the mechanical state of the muscle. The fact that the tonic 
response is accompanied by (a) a rise in the rate of heat production of the 
muscle (Abbott & Lowy, 1958a), and (b) a prolonged increase in the rate of 
firing of spontaneously active elements (Hoyle & Lowy, 1956) has been claimed 
to support the tetanus hypothesis. On the other hand, the fact that (a) the 
muscle shows a high ‘viscosity’ after stimulation with direct current (Winton, 
1937; van Nieuwenhoven, 1947; Johnson, 1954), and (b) that relaxation is 
much slower than the repolarization of the fibre membranes after the muscle 
has been treated with acetylcholine (Twarog, 1954) has been claimed to sup- 
_ port the catch-mechanism hypothesis. Thus the findings themselves seem to 
show that the behaviour of the ABRM in a tonic response does not exactly 
follow the pattern predicted by either hypothesis, and it now seems as if both 
may have outlived their usefulness. | 

The additional results that have recently been reported in preliminary 
communications by Johnson (1958), Lowy & Millman (1959), and Jewell 
(1959) also support this view, and they show that there has been some overlap 
in the recent work that has been done on the ABRM by the different workers. 
Fortunately, there appears to be general agreement over the experimental . 
findings, though there is still some disagreement over certain points in their — 
interpretation. In the present paper it will be shown, by means of release — 
experiments, that. two different states of contraction can be produced by the 
ABRM. Tt will be seen later that this finding can be used to give reasonable 
interpretations of the nature of the tonic response and of the relationship 
between the phasic and tonic responses, which do not involve strict adherence 
to either of the traditional hypotheses. ; 


METHODS 
Specimens of Mytilus galloprovincialis, which were obtained from Padstow (Hepper, 1957), 
were used in all the experiments described in this paper. The two valves of the shell were forced 
apart with a screwdriver, and the posterior adductor muscle was severed. The byssal threads 
were cut off and all the soft viscera, including the foot, were removed. The anterior and posterior 
byssal retractor muscles on one side of the animal were then severed close to their insertion into 
the byssal gland, and that half of the animal was discarded; the remaining half then had the 
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appearance shown in Fig. 1a. Two holes were made about 1 mm from the dorsal edge of the shell, 
one at each end of the insertion of the ABRM (see Fig. la), The rectangular part of the shell 
around the insertion of the ABRM was then cut out with a hack-saw, and the PBRM was severed 
as shown by the interrupted line in Fig. 1a. The thread that had been tied around the base of the 
byssal stem was later used to attach it to the stainless-steel wire that connected the muscle to the 
recording apparatus. 
Mounting 

The rectangular piece of shell was then securely fixed to the L-shaped Perspex muscle holder 
with 36 s.w.c. (0-02 mm) stainless-steel wire, as is shown in Fig. 1b-d. It is in the mounting of the 
preparation that the present technique differs appreciably from those used by other workers in 
this field. It was devised to solve the problem of arranging the isolated muscle so that the stress 
distribution is uniform over its cross-section. When the ABRM is in situ (Fig. 1a), it can be seen 
that the byssal stem makes an acute angle with the long axis of the muscle. However, when the 
isolated muscle is placed under stress (either by stretching it or by stimulation under isometric 
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a b Cc d 

Fig. 1. Method of mounting the ABRM on the multi-electrode assembly. (a) View of the half- 
shell showing the anterior (ABRM) and posterior (PBRM) byssal retractor muscles, the pos- 
terior adductor (PA), and the byssal stem (BS). The dorsal (hinge) edge of the shell is on the 
right-hand side of the diagram. The PBRM was severed along the interrupted line at the 

. byssal end of the muscle. (b) View of the electrode surface of the mounted preparation. 

L = length of the preparation in situ; L, = body length of the muscle. (c) Longitudinal 
section through the multi-electrode assembly (see Hill, 1949), showing the method of clamping 

the L- shaped muscle holder in place by means of a 2 B.A. screw. (d) Diagram to illustrate 


the method of fixing the preparation to the muscle holder with 36 s.w.a. wire. (e) Diagram ..... 
to show the spacing between the holes in the muscle holder: measurements marked in frac-,  “ 


tions of inch; 1/16 in. = 1-6 mm. There is a set of holes for each muséle length ; the set ‘asad 
in this particular case has been darkened. (f) A similar — in which these holes have 
been numbered. 


conditions), the orientation: of the str at its byssal end because the angle that = 


byssal stem’ makes With the long axis of the muscle increases considerably (see Fig. 1). The result 
is that the fibres along the ventral edge’ of the muscle bear more ‘of the stress than those on the 
dorsal edge, if the — has been set. up so that the position of the shell (relative to the long 
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axis of the muscle) is the same as it was in situ. By rotating the piece of shell into the position 
shown in Fig. 1, it is possible to bring the fibres under uniform stress. The correct position was 
determined by examining the muscle under a low-power microscope during the application of gentle 
stretches; when the fibres were unstretched, the surface of the muscle had a curious wrinkled 
appearance, which disappeared as soon as the muscle was slightly stretched. The position of the 
shell could be adjusted carefully so that the wrinkles disappeared simultaneously over the entire 
surface of the muscle, showing that the effect of the stretch was being distributed uniformly. 
Several muscles were examined in this way, and it was found that the required adjustment was 
always about the same; a standard method was therefore adopted for fixing the pieces of shell on 
all preparations in the same position relative to the long axis of the muscle. This consisted of 
drilling holes in the muscle holder so that the two ends of the shell could be fixed as is shown in 
Fig. 1d. For a variety of reasons it was desirable to have,the preparation arranged so that the 
byssal gland lay in the gully above the top electrode on the standard (frog sartorius) type of multi- 
electrode assembly (see Fig. 1c). As the position of the muscle holder was fixed, this meant that 
a number of sets of holes were required so that muscles of different lengths could be used; the 
arrangement of the holes was as shown in Fig. l¢. The set of holes corresponding to a particular 
muscle length is shown in Fig le and f; if the ABRM came from the left-hand side of the animal 
as in Fig. la, then the wires passed through holes (2-3) and (5-6); if it came from the other side, 
then they passed through holes (1-2) and (4-5). In this way, all muscles were mounted so that the 
distribution of stress over their cross-sections was approximately uniform. 

The horizontal limb of the muscle holder was clamped against the underside of the electrode 
block by means of a 2 B.a. Perspex screw and its position was adjusted so that the whole of the 
muscle was in contact with the electrodes (Fig. 1c). The byssal stem was tied to the stainless- 
steel connexion, as described by Jewell & Wilkie (1958), and the length of the preparation was 
adjusted until it was the same as it had been in situ (L, Fig. 1a); the body length of the muscle 
(Lo, Fig. 1b) was then measured. The jacket around the electrode assembly contained oxygenated | 
sea water at room temperature. This was automatically run out 30 sec before electrical stimuli 


_ were applied to the muscle. 


Recording apparatus 

The mechanical recording system consisted of a Levin-Wyman ergometer and a light isotonic 
lever, coupled together as shown in Fig. 2. As the tensions produced by the ABRM were exces- 
sively large for direct transmission to the transducer valve (RCA 5734), the muscle was attached to 
the isotonic lever in the position shown; this gave a 2:1 reduction in the force recorded by the 
transducer. The isotonic lever was fitted with a photo-electric recording system for measuring 
movement, so that simultaneous records could be made of the changes in length and tension 
in the muscle during various types of contraction. The outputs of the transducer and photocell 
were usually fed into the two channels of a Cossur 1049 oscilloscope, and the photographic records 
were made with a 35 mm cine-camera. However, when greater accuracy was required, quarter- 
plate records were made from a larger single-beam tube. The mechanical recording system was used 
in four different ways in these experiments: ; 
Isometric responses. The catch (C) was released and the ergometer arm was held in the required 


position by means of the stop (H). When'the weights (1) were removed from the isotonic lever, 
| the transducer recorded half the tension in the muscle. Calibrations could be made without 
disturbing the connexion .to the muscle, by hanging weights at the tip of the isotonic lever. 
Isotonic responses. The coupling link (Q) was removed and the isotonic lever was then used in 
the normal way for recording isotonic contractions. Loads (NV) were hung on the lever by means 
of the compliant support (@), and the length of the muscle could be adjusted by means of ‘the 
after-load stop (B), which was also used for calibrating the length-recording system (1 revolution | 
: Controlled releases. The. transducer was held in the ‘up’ position by engaging the eatch (C) 
in the end of the ergometer arm. When the key (K).was opened at a pre-set time during the con- | 
traction, the catch (C) was released and the ergometer arm moved the transducer downwards 
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through a distance determined by the position of stop(H), and at aspeed governed by the strength of 
the spring (8) and the setting of the needle valve in the dashpot (D). The type of measurement that 
was made depended on the system used to display the length and tension changes in the muscle. 
If they were displayed on a slow time base, studies could be made of the redevelopment of tension 
after releasing the muscle at different speeds and by different amounts. If they were displayed 
on @ fast time base (Hill, 1950) or plotted against one another on a single-beam tube (Jewell & 
Wilkie, 1958), measurements could be made of the load-extension curve of the series elastic 
elements by means of the controlled-release method. 


A | T B 

Q 

N 


Fig. 2. Arrangement of mechanical recording apparatus. The muscle (M) lies on the multi- 
electrode assembly, and a stainless-steel wire (W) connects its byssal attachment to the 
isotonic lever (F'). The lever is pivoted on ball bearings at R, and its movements are recorded 
by means of the photo-electric system (L). Weights (1) are hung on the lever through a com- 
pliant support (@) and the length that the muscle adopts is determined by the position of the 
adjustable stop (B). A flexible, but inelastic, connexion (Q) can be used to attach the isotonic 

lever to the transducer valve (7'), which is mounted at the end of the moving arm (A) of a 
Levin-Wyman ergometer. 


Isotonic releases. The needle valve in the dashpot (D) was opened as far as possible, so that the 
ergometer arm could move at its maximum velocity, and the transducer was held in the ‘up’ 
position by means of the catch (C). Weights (N)) were hung on the lever to produce the required 
load on the muscle, and the after-load stop (B) was adjusted to take up any slack in the coupling 
(Q). At first the contraction was isometric and the transducer recorded the tension in the muscle 
as soon as th'- -ceeded the value of the load on the muscle. When the key (K) was opened at a 
pre-set time . g the contraction, the catch (C) was withdrawn and the transducer was moved 
downwards at a velocity which greatly exceeded the maximum velocity of active shortening 
of the muscle, with the result that the coupling link (Q) went slack. The conditions in the muscle 


ie. a and it shortened freely against the constant load produced by the weights (1). - 


RESULTS 


Production of phasic and tonic responses 
Some of the untidy features of the ABRM are revealed when the relationship 


_ between the tension produced by the muscle and the strength of the stimulus 


(strength-response curve) is determined for different types of stimuli. These 
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show, first, that it is extremely difficult to make this muscle give a maximal 
response, and secondly, that the maximum tension which can be obtained in 
a phasic response is only about 70% of that obtained in a tonic response. 
Presumably these findings reflect inadequacies in the methods that are now 
in use for stimulating the muscle. They have certainly meant that the choice of 
suitable stimulus parameters for producing phasic and tonic responses has 
been somewhat arbitrary. 


Phasic responses | 
The ABRM was stimulated on a multi-electrode assembly, which was 
connected so that there were alternative anodes and cathodes. The responses 
that were produced by stimulating the muscles with alternating condenser 
shocks at 10/sec (see, for example, Figs. 3a and 7a) were larger than any that 
could be obtained by using square pulses or alternating currents (at frequencies 
from 10 to 1000 c/s). When the strength-response curve for this type of stimu- 
_ lation was determined, it was found that as the stimulus strength was increased 
the slope of the curve decreased, but a plateau (corresponding to supra- 
maximal stimulus strengths) was never actually attained, because the muscles 
began to show signs of damage; for instance, relaxation became slower and 
the responses to repeated similar stimuli decreased in size. A similar strength— 
response curve was reported for the muscle action potential by Schmant & 
Sleator (1956). By using a stimulus the strength of which was about 10% 
less than that required to produce detectable slowing of relaxation, it was 
possible to obtain reproducible responses in which the tensions produced 
were probably within about 90% of the maximum value possible under these 
conditions of stimulation. The voltage required for this purpose depended on 
the season; with a time constant of about 6 msec (capacity, 3 uF), the muscles 
needed 1-7-2-6 V in the winter and spring, and 1-0-1-5 V in the summer. 
_ Alternating stimuli were used because shocks of this strength produced 
a good deal of polarization if they were unidirectional; and they were applied 
at 10/sec because the rate of rise of tension was found to be maximum at this 
frequency. The highest tension produced by any muscle in an isometric 
tetanus corresponded to a stress of 10-7 kg wt./em®. It was assumed that 
muscles which gave less than 6 kg wt./em* had been damaged in the dis- 
section, and these were therefore rejected. 


| Tonic responses 
Acetylcholine (ACh) was used in preference to direct current (d.c.) for pro- 
ducing tonic responses, because when the latter was used with the multi- 
electrode assembly, (i) tensions above about 8kg wt./em? could not be 
obtained without damaging the muscle, and (ii) the contractions were very 
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non-uniform along the length of the muscle fibres, because the responses 
to d.c. are cathodal (see Fletcher, 1937c). 

When solutions containing more than 10 ug ACh/ml. were used to produce 
tonic responses, the tensions developed were invariably greater than those 
produced in phasic responses, even when shocks of damaging strength were 
used (compare Fig. 3a and b). All the tonic responses described in this paper 
were produced by immersing the muscles in solutions containing 100 pg ACh/ 
ml. in sea water; the tensions produced when different muscles were treated 
in this way varied from 11-0 to 12-5 kg wt./cm*. However, this was not a maxi- 
mal response, because greater tensions could be produced by using stronger 
solutions (one muscle developed 13-7: kg wt./cm? when it was treated with 
1 mg ACh/ml.). After the muscle had been immersed in the oxygenated 
solution for 2 min (or for longer if the tension had not reached a plateau by 
that time), it was thoroughly washed in several changes of sea water to ensure 
that the traces of ACh that remained on the muscle were reduced to sub- 
threshold concentrations. When the ACh solution was replaced by sea water 
on the first occasion, the contraction was not usually well maintained. How- 
ever, the decay of tension became progressively slower after each immersion 


in ACh, and on the third or fourth occasion it usually fell to about 70% during 


the first 10 min in sea water, and extremely slowly thereafter; measurements 
could then be made under reasonably steady conditions. The tonic responses 


produced by ACh and by d.c. stimulation are fully reversible, and they can be | 


terminated at any stage by stimulating the muscle with repetitive shocks or 
by treating it with 5-hydroxytryptamine (see Fletcher, 1937b; Twarog, 1954; 
Cambridge & Holgate, 1959). 

In experiments on the ABRM, it is important to stimulate the muscle at 
regular intervals because it exhibits a marked ‘staircase’ effect, even in 
tetanic responses (see Winton, 1937). During experiments that involved a 
series of tetani, fatigue was minimized by allowing the muscle a 30 sec rest 
for every second of stimulation; as tetanic contractions lasting 20 sec were 
frequently needed, this meant that the intervals between successive contrac- 
tions were rather long (i.e. 10 min), but more frequent stimulation invariably 
led to deterioration of the muscle. In experiments involving tonic responses, 


the intervals between the periods of stimulation were largely determined by 


the effects of the previous stimulus. 


Redevelopment of tension after a quick release 
Phasie response 
When a quick release is made during an isometric tetanic contraction, the 
_ behaviour of the ABRM bears a strong qualitative resemblance to that of 
other muscles, such as the frog sartorius (Gasser & Hill, 1924), the body-wall 
muscle of Holothuria nigra (Hill, 1926), and the retractor penis muscle of 
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the tortoise (Goodall, 1957). If the release is large enough to discharge 
the tension in the series elastic elements, and if the speed of release exceeds 
the maximum velocity of active shortening of the muscle, the tension falls to 


zero during the release and then redevelops to a final level that is characteristic 
of the new length. 


200 


Tension 


0 


30 sec 
ension 
(g wt.) 100 
ot 
Release 
(mm) 2 
j 
30 sec 
200- 
_(g we.) ' 
4 5 


30 sec 


Fig. 3. Redevelopment of tension after quick releases made during phasic and tonic responses. 
ABRM: L, = 30 mm, weight = 65 mg; temp. 18° C. 35 mm records: one trace shows the 
tension of the muscle, the other shows when the muscle was being stimulated; the records 
have been retouched where they were too faint to reproduce satisfactorily. Lines have been 
added to show zero tension and the length changes in the muscle. Releases: from L, +1 mm 
to [,-1mm at 50 mm/sec. (a) Release during a phasic response. The first record shows an 

isometric tetanus, and the second record shows the effect of a release 10 sec after the onset of 
stimulation in a 20 sec tetanus (Release 1). (b) Release during stimulation in a tonic response; 
50 sec after immersion in ACh solution (Release 2). (c) Releases after stimulation in a tonic 
response. The muscle was first treated with ACh, and the four short bars show the tension 
levels, at the end of stimulation and then 3, 6, and 9 min after the ACh was removed. It was 
subsequently released to L, — 1 mm, and then re-stretched to L, +1 mm, 12 min (Release 3), 
14 min (Release 4), and 14 min 20 sec (Release 5) after the ACh was removed. The following 
results were obtained by analysing the records: ) 


Tension (g wt.) 
(Before (10 sec after (10 sec after 

Release release) © release) re-stretch) 
150 132 (82) 
2 244 207 (84-8) 
3 187 38 (20-3) 172 
4 151 27 (17-9) 157 
5 155 28 (18-3) 155 


The figures in brackets give the amount of tension redevelopment expressed as a per- 
centage of the tension immediately before the release. ae. eas 
11 PHYSIO. CXLIX 
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Figure 3a shows a typical record of the tension changes that occurred in 
an ABRM when it was released from L,+1 mm to L,—1 mm at 50 mm/sec, 
10 sec after the onset of stimulation in a 20-sec tetanus. The tension redeveloped 
to 82% of the value recorded immediately before the release. The amount of 
tension redevelopment would be expected to depend simply on the tension- 
length relationship of the muscle, unless the ABRM resembles certain insect 
muscles in which the contractile mechanism appears to be partially inactivated 


by a sudden change in length (Pringle, 1954). To exclude this possibility com- 


parisons were made between the tensions redeveloped at different lengths and 
the tensions developed in straightforward isometric contractions at the cor- 
responding lengths. These measurements revealed no important differences 
in the tensions produced in the two cases; for instance, in a typical experiment 
in which the measurements were made at L,—1 mm the following results 
were obtained: 

Tension redeveloped after a release from L,+1 mm: 200 g wt. 

Tension developed in an isometric contraction: 210 g wt. 

Tension redeveloped after a release from Z,+1 mm: 210 g wt. 

Although quick releases were always made over the same range of muscle 
lengths (L,+1 to Z,—1 mm), the amount of tension’ redevelopment at 
[,—1 mm varied from 70 to 95% in different muscles. The reason for the large 
range of variation is that in'a muscle which only has a skeletal attachment at 
one end, referring all the length measurements to the body length (L,) of the 
muscle does not introduce as much standardization into the measurements 
as it does in the case of muscles, such as the frog sartorius, which have skeletal 


attachments at both ends. The body length varies so much in muscles taken | 


from animals of the same size that the regular use of releases from LZ, + 1mm 
to L)—1 mm is obviously not a guarantee that one is necessarily working over 
the same part of the tension-length curve in different muscles. By examining 


_the tension—length relationship (see Abbott & Lowy, 19585), it can be seen 


how the tension redevelopment could vary considerably according to the 
initial length from which the releases are made. 

Measurements have also been made of the tension redevelopment after 
releases at different speeds, but Abbott & Lowy’s (1958qa) finding that the 
tension redevelopment depends on the release speed has not been confirmed. 
Figure 4 shows some of the results of an experiment in which releases of 2 and 


3 mm were made at velocities from 0-5 to 50 mm/sec. When a series of 2mm _ 


releases were made at 50, 5, 0-5, 5 and 50 mm/sec, the corresponding amounts 
of tension redevelopment were 92-2, 93-4, 95-0, 92-3 and 91-:8%, respectively. 
This series was highly satisfactory in that the amount of fatigue shown by the 
muscle was almost negligible; the tension immediately before the release in 
the last of the series was only 1% smaller than that in the first. In a further 


series of 3 mm releases at 50, 5 and 0-5 mm/sec the tension redevelopments 
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were 77-2, 80-0 and 75-3%, respectively. Thus, contrary to the findings of 
Abbott and Lowy, these results do not suggest that the amount of tension 
redevelopment is in any way dependent on the speed of the release. 


Tonic response | 
During stimulation. When the ABRM is released during stimulation in a 
tonic response (i.e. while it is immersed in ACh), its behaviour is similar to 
that seen when releases are made during a phasic response. Figure 3b shows 
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Fig. 4. Redevelopment of tension after releases at different speeds. ABRM: L, = 28mm 
‘weight = 52 mg; temp. 19° C. Records: tracings from simultaneous recordings of the length 
and tension in the muscle made on quarter-plate paper. Releases: from L,+1mm to 
L,--1 mm at 0-5 mm/sec (solid lines), 5 mm/sec (interrupted lines), and 50 mm/sec (dotted 
lines). (a) Releases made during phasic responses (7°3 sec after the onset of stimulation). 
(6) Releases made after stimulation in a tonic response (induced by previous treatment with 
ACh). 


the tension changes that occurred when a muscle was released from L,+1 mm 
to [g—1 mm at 50 mm/sec, 50 sec after it was immersed in ACh solution; 
the tension fell to zero and then redeveloped (30 sec later) to 93-5% of the 
value immediately before the release. In this muscle, the redevelopment of 
tension in.ACh solution was actually greater than that recorded when a 
quick release was made during an isometric tetanus. 

After stimulation. The ABRM behaves quite differently when it is released 
after stimulation in a tonic résponse (i.e. after the ACh has been removed). 

11-2 
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Release 3 (Fig. 3c) was identical in every other respect with the one made 
during stimulation in Fig. 3b, but on this occasion the tension only redeveloped 
to 20°3% of the value recorded immediately before the release. When the 
muscle length was restored to L,+1 mm, 10sec after release, the tension 
first overshot and then returned along a roughly exponential time course to a 
final steady level that was only slightly less than the value before the release. 
This sequence of length changes (release and stretch) was repeated on two 
further occasions a few minutes later (Releases 4 and 5) and the corresponding 
tension changes are given in Fig. 3 (caption). This inert behaviour was seen 
after stimulation in tonic responses induced by both ACh and d.c. stimulation. 
The amount of tension redevelopment varied from 10 to 25% in different 
muscles and, as Fig. 4b shows, it was independent of the release speed over 
the range 0-5-50 mm/sec. 

The figures in the last two rows of the table given beneath Fig. 3 show that 
although the ability of the muscle to redevelop tension is much less after stimu- 
lation than it is during stimulation in a tonic response, the muscle can still 
maintain tension if it is held at constant length. In fact, under these conditions, 
the muscle exhibits the inert behaviour of a damped elastic body. Accordingly, 
_ its load-extension or tension—length curves can be determined by making 
releases of various sizes and measuring the corresponding tension changes. 
Releases could be made from the same initial length and tension by making use 
of the remarkable property of the tonically contracted muscle, that after a 


quick release, the tension can be restored to its initial —_ by simply re- 


stretching the muscle. 

In the actual experiment, the t tension and length of the muscle were dis- 
played on the two beams of a Cossor 1049 oscilloscope. After the muscle had 
been treated with ACh (10 ug/ml.) and thoroughly washed, the positions of the 
length and tension beams were adjusted so that they exactly coincided (Fig. 5). 
When the muscle was re-stretched after each release, the tension overshot and 
then fell slowly as stress-relaxation occurred; as soon as it had fallen to its 
initial level (i.e. when the positions of the beams again coincided), the next 
release was made. In Fig. 5 the tension and length changes that occurred in 
the muscle when it was released by amounts varying from 0-2 to 4-0 mm at 
43 mm/sec are shown as a continuous recording. 

By measuring the tension immediately after the release in each record and 
plotting this against the corresponding amount of release, it is possible to 
construct the load-extension curve of the series elastic elements (see Fig. 6). 
The curves obtained by analysing five sets of records like that shown in Fig. 5 
all fell within the envelope enclosed by curves a, and a, in Fig. 6. The load- 
extension curve obtained immediately afterwards by plotting the tension in 
the muscle against its length during a release at 43 mm/sec (controlled-release 
method) i is shown — curve a3. The agreement between this curve and the 
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others shows that the method illustrated by Fig. 6 gives a reasonably accurate 
estimate of the series elasticity of the ABRM. The other curves shown in this 
figure are the load-extension curves that were obtained by plotting the tension 
10 sec after the release against the corresponding amounts of release; in fact 
the tension was still rising 10 sec after the release, but it was only about 20% 
less than the final steady value that was reached 1-2 min later. Five sets of 
records were analysed and the curves obtained all fell within the envelope 
enclosed by curves 6, and b,. These represent the tension-length relationship 
of the ABRM after stimulation in a tonic response. A further demonstration 
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Fig. 5. Tension changes produced by releasing the ABRM by various amounts after stimulation 
in a tonic response. ABRM: L, = 27 mm, weight = 52 mg; temp. 20°C. 35 mm records: — 
one trace shows the changes of length in the muscle, the other shows the corresponding changes 
of tension; the records have been retouched where they were too faint to reproduce satis- 
factorily. Interrupted lines have been added to show zero tension. Releases: from L, +1 mm 
at 43 mm/sec. After the muscle had been treated with ACh and then washed thoroughly, the 
positions of the length and tension beams were adjusted so that they exactly coincided, The 
muscle was then released by 4 mm (records in top left-hand corner); 20 sec later it was 
re-stretched to L, +1 mm. This caused the tension to overshoot, but it then fell slowly to its 
initial level (as shown by the coincidence of the two traces). The same sequence of changes of 
length was then repeated for amounts of release down to 0-2 mm. 


of the inert state of the muscle under these conditions is provided by the fact 
that even though this experiment involved about 70 releases and stretches and 
took about an hour to complete, the tension at L)+1 mm only fell by 12%. 


‘Shortening in isotonic quick releases 
Phasic response 
Figure 7a shows the tension and length changes, respectively, in an iso- 
metric tetanic contraction and in an after-loaded isotonic contraction against 
a load of 30 g wt. These two types of contraction are combined when the muscle 
is suddenly allowed to shorten against a constant load during an isometric 
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contraction; Fig. 7b shows a typical sequence of length and tension changes 
as the conditions change from isometric to isotonic. When the tension is 
reduced, the muscle length changes rapidly at first as the series elastic ele- 
ments shorten, and then more slowly as the muscle shortens actively at a 
velocity appropriate to the value of the load. This is the familiar picture that 
is seen in isotonic releases of the frog sartorius muscle (see Jewell & Wilkie, 1958). 

In each experiment releases were only made against one load, and this 
was always arbitrarily chosen to be about 25% of the tension developed in an 


Tension, P (g wt.) 


Change of length, AL (mm) 


Fig. 6. Load-extension curves of the ABRM after stimulation in a tonic response. ABRM: 
same muscle as in Fig. 5. The measurements shown in the inset diagram were made on five 
sets of records like those shown in Fig. 5. (A) Load extension curve of the undamped series 
elastic elements; the points obtained by plotting the tensions immediately after the releases 
(P,) against the corresponding amounts of release (AL) all fell in the envelope enclosed by 
curves a, and a,. Curve a, was obtained by means of the controlled-release method (release 
speed 43 mm/sec). (B) Load-extension curve (tension—length felationship) of the whole 


muscle; the points obtained by plotting the tensions 10 sec after the releases (P,) against the © 


corresponding amounts of release fell in the envelope enclosed by curves }, and bg. 


isometric tetanus. In the experiment illustrated by Fig. 7b, the active shorten- 
ing (total shortening minus elastic shortening) 15 sec after the muscle had been 
released against a load of 30 g wt. (Release 1) was 3:7 mm, but in after-loaded 


_ isotonic contractions before and after (latter is not shown), the corresponding 


shortenings were 4-7 and 4-4 mm, respectively. Similarly, in another experi- 
ment, the active shortenings produced in release and after-loaded isotonic 
contractions were 5-8 and 7-0 mm respectively. These results show that the 
ability of the ABRM to shorten actively in a tetanic response is diminished 
if the shortening is preceded by an isometric phase of contraction. This finding 
will be discussed later. 
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Tonic response 

During stimulation. The few measurements that have been made of the 
shortening produced when the ABRM is released under isotonic conditions 
while it is immersed in acetylcholine solution have all shown that the ability 
of the muscle to shorten actively under these conditions is at least as great as 
it is during @ phasic response. For instance, in the second experiment mentioned 
in the preceding section, the maximum shortening of 5-8 mm that was produced 
when the muscle was released during a phasic response was reached 23 sec 
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Fig. 7. Shorténing in isotonic releases made during phasic and tonic responses. ABRM: 
L, = 28mm, weight = 43 mg; temp. 22°C. 35 mm records: upper trace shows the length 
changes in the muscle, and lower trace shows the tension changes; the records have been 
retouched where they were too faint to reproduce satisfactorily. Interrupted lines have 
been added to show the base lines for the length and tension records, and to show when the 

- muscle was being stimulated. Releases: from L, +1 mm against a load of 30 g wt. (a) Phasic 
response: the first record shows an isometric tetanus; the second record shows an after-loaded 
isotonic contraction against a load of 30 g wt. (b) Isotonic release during a phasic response, 
10 sec after the onset of stimulation (Release 1). (c) Isotonic releases after stimulation in a 
tonic response; these records show the effect of releasing the muscle and then re-stretching 
it to its initial length (Releases 2, 3 and 4) after it had been treated with ACh and then 
thoroughly washed. 3 | 

The following results were obtained by analysing the records: 


Active shortening 
Tension before during release 
Release release (g wt.) (mm) 
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after the release; when a comparable release was made with the muscle im- 
mersed in ACh solution, the shortening 23 sec after the release was 5-7 mm, 
but in this case the muscle continued to shorten until, after 1 min, the total 
change of length was 7:3 mm. 

After stimulation. The isotonic releases that are shown in Fig. 7¢ were made 
after the muscle had been treated with ACh and then thoroughly washed; 
after each release, the muscle was restretched to its original length and the 
tension was restored to roughly its original value. The results given in the 
last three rows of the table beneath Fig. 7 were obtained by measuring the 
tension and length changes during and after these releases. They show that the 
ability of the muscle to shorten actively is much less after stimulation than 
it is during stimulation, and they also provide further evidence that the 
ABRM behaves like a damped elastic body after stimulation in a tonic response. 


DISCUSSION 
Phasve response 


Although the work of Fletcher (1937, b, c) and Winton (1937) had shown that 
the properties of the ABRM during a phasic response are similar to those of 
vertebrate striated muscle under comparable conditions of excitation, the 
full extent of the similarity was not realized until Abbott & Lowy (1958a, b) 
investigated the thermal and mechanical properties of the ABRM during 
phasic responses. The release experiments described in this paper provide 
further evidence in support of the view that the contractile mechanisms of 
the two types of muscle are fundamentally the same. 

_ The character of the isotonic quick-release records shown in Fig. 7 reveals 
the presence of largely undamped elastic elements in series with a contractile 
component, and the measurements of the tension changes during quick releases 
of different magnitudes allowed a determination to be made of the load- 
extension curve of the elastic elements (Fig. 6). The procedure used in this 
method of measuring the series elasticity is the exact converse of that used in 
the isotonic quick-release method (Wilkie, 1956), in which the length changes 
are measured after the tension has been reduced by known amounts, Strictly 
speaking it is only a variation of the controlled-release method (Hill, 1950; 
Jewell & Wilkie, 1958), which allows the same measurements to be made 
during a single constant-velocity release. Measurements of the series elas- 
ticity have been made on a number of muscles and the results show that 
a length change of 3-4% of the muscle length is required to reduce the stress 
in the muscle from 8 kg wt./cm? to zero. This means that the series elastic 
component of the ABRM is probably less compliant than that of the frog 
sartorius, in which a length change of 2-3% is required to reduce the stress 
from 2 kg wt./cm* to zero (Jewell & Wilkie, 1958). 

The amount of tension redevelopment after quick releases was shown to be 
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consistent with the known shape of the tension-length relationship of the 


muscle (Abbott & Lowy, 19586); this means that the ability of the ABRM 


to develop tension is not impaired by a sudden change in length. The present 
experiments have not confirmed Abbott & Lowy’s (1958a) finding that ‘the 
slower the speed of release of active molluscan muscle, the smaller the sub- 
sequent redevelopment of tension’. The results shown in Fig. 4 demonstrate 
that the amount of tension redevelopment is independent of the speed of 
release over a wide range of velocities (0-5-50 mm/sec). 


The records cbtained from the ABRM (see Figs. 3a and 4a) are like those 


obtained from, other muscles, in that the redevelopment of tension after a 
quick release is always more rapid than the initial development of tension in 
an isometric tetanus. Goodall (1957) demonstrated this in the retractor penis 
muscle of the tortoise, and Jewell & Wilkie (1958) have shown that it also 
occurs, but to a lesser degree, in the frog sartorius muscle (see also Hill, 1953). 
The explanation,is almost certainly the same in the three cases—the active 
state is not fully developed immediately after the first shock; thus the muscle 
is not fully active during the initial rise of tension, but it is during the re- 
development afterarelease. 


Measurements made under isotonic conditions have shown that the active - 


shortening produced by the ABRM during an isotonic release is invariably 
less than that produced during an after-loaded isotonic contraction against 
the same load. This phenomenon has been observed in other muscles on several 
occasions: by Buchtal (1942) and Buchtal, Kaiser & Rosenfalck (1951) in 
isolated frog muscle fibres; by X. M. Aubert and Nuyts (unpublished work, 
quoted by Abbott & Aubert, 1952) in the frog sartorius; and by Abbott & 
Aubert (1952) in the dogfish jaw muscle: but this form of ‘inactivation’ is 
not at all clearly understood. To explain this finding and the fact that in the 
dogfish jaw muscle the amount of tension redevelopment after a quick release 
is dependent on the release speed, Abbott & Aubert (1952) suggested that the 
contractile links become firmly bonded during the isometric phase of the 
contraction, so that the muscle cannot shorten freely when the conditions 


suddenly become isotonic. It is worth remembering that the force-velocity 


curves obtained from the frog sartorius during after-loaded and release isotonic 
contractions show remarkable agreement (Jewell & Wilkie, 1958, fig. 5), so 
it is not the initial velocity of shortening, but the total amount of shortening, 
that is affected by this form of ‘inactivation’. This observation makes it all 
the more difficult to visualize the nature of the ‘irreversible’ changes that are 
produced in the muscle during the isometric phase of the contraction. The 
reason why the ability of the muscle to redevelop tension is not similarly 
affected is presumably that the amount of shortening required of the contrac- 
tile component is comparatively small under isometric conditions, so that the 
effects of ‘inactivation’ do not become apparent. 


, 
igi 
1 
ty t 
ke 
} 
‘OF 
iy 
| 


170 B. R. JEWELL 


Hoyle & Lowy (1956) believe that the phasic response is accompanied by a 
; transient increase in the rate of firing of spontaneously active elements in the 
Mf muscle, and it has been argued that ‘repetitive shocks produce “spontaneous” 
activity, not a tetanic response as in frog sartorius ’ (Lowy & Millman, 1959). 
4 However, other workers (Fletcher, 19376; Prosser, Curtis & Travis, 1951; 
ag Schmant & Sleator, 1956) have all found that repetitive stimuli at frequencies 
below about 10/sec produce synchronous action potentials which bear a 
strictly 1:1 relationship to the number of stimuli. The fact that it is possible 
to obtain a series of phasic responses in which the isometric myograms 
are identical in every detail also makes it seem unlikely that the contraction 
produced under these conditions is the direct result of asynchronous increases 

in the discharge rates of spontaneously active elements in the muscle. 


Tone response 

The results obtained by making release experiments during the tonic 
response produced by treating the ABRM with acetylcholine have shown that 
the mechanical properties of the muscle are different during and after stimula- 
tion. Although the properties of the muscle were not investigated in detail 
during immersion in acetylcholine solution, the results suggest that they are 
the same as those found during a phasic response. On the other hand, the 
mechanical properties were shown to be quite different when the acetylcholine 
was removed, and the muscle was found to show the inert behaviour of a 
damped elastic body. Accordingly, measurements were made of the load— 
extension curves of the undamped part (the series elastic elements) and of the 
whole muscle (Fig. 6). These two curves have been replotted on a different 
abscissal scale in Fig. 8 (curves A and B) and a curve has been added to show 
the estimated tension-length relationship of the muscle during stimulation in 
phasic and tonic responses (curve C). Lines have been drawn on these graphs 
to show how the amounts of tension redevelopment (Fig. 8a) and the amounts of 


shortening (Fig. 86) differ when releases are made during and after stimulation 
in a tonic response. 


xt 
| 


When stimulation ends in a tonic response (i.e. when the acetylcholine is 
removed) the tension-length relationship of the muscle changes from the 
form shown by curve (C in Fig. 8 to that shown by curve B, and this seems to 
correspond with the variations in ‘viscosity’ and ‘plasticity’ described by 
Winton (1937) and Johnson (1954), respectively. In the present experiments, 
it was not possible to determine the time course with which this change takes 
place, because the muscle had to be washed thoroughly after the acetylcholine 
_ was removed; all one can say is that the change is complete within a few 

minutes. In this respect, direct-current stimulation is much more satisfactory 
t in that releases can be made immediately after stimulation ceases; measure- 
| ments made in this way show that the change takes place within a few seconds 
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of the end of stimulation (W. H. Johnson, personal communication). Lowy 
& Millman (1959) have shown that the active state produced by a single 

shock also decays to zero with this sort of time course. 

_ One can only speculate on the nature of the mechanism that is responsible a 

for supporting the tension after stimulation has ended in a tonic response. a 

The results of mechanical measurements alone do not allow one to say whether | 
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. Fig. 8. Diagrams illustrating the behaviour of the ABRM when it is released during and after 
, stimulation in a tonic response. The means of the curves shown in Fig. 6 have been replotted 
on a different abscissal scale; A is the load—extension curve of the series elastic elements, 
and B is the tension—length relationship of the muscle after stimulation in a tonic response. 
| Curve C shows the estimated shape of the tension-length relationship of the muscle during 
stimulation in phasic and tonic responses. (a) Redevelopment of tension after quick releases. 
| When the muscle is released by an amount, AL, during stimulation, the tension falls from 
x P, to P, as the series elastic elements shorten, and it then redevelops to P,. When the release 
_ is made after stimulation, the elastic elements shorten as before and the tension falls to P,, 
but it only redevelops to P,. (6) Shortening during isotonic releases. When the tension is 
suddenly reduced by an amount, AP, and the muscle is allowed to shorten freely against an 
isotonic load, the series elastic elements first shorten rapidly to L,, and the muscle length 
_ then changes slowly to I, as the contractile elements shorten. When the release is made 
[ after stimulation, the elastic shortening to L, is the same, but the subsequent shortening 
produced by the contractile elements only brings the muscle length to Ly. 
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the difference in the muscle’s ability to shorten actively during and after 
stimulation is simply quantitative, or whether the origin of the shortening is 
quite different under the two conditions: The mechanical properties of the 
ABRM after stimulation strongly suggests that the muscle is in a state of 
‘reversible rigor’, but measurements of the heat production of the muscle 
under these conditions (J. V. Howarth & B. R. Jewell, unpublished) show 
that it is above the resting level. It therefore seems unlikely that this muscle 
could ever support tension without some additional expenditure of energy. 
From the similarities between the ABRM and vertebrate muscle one is tempted 
to interpret the experimental findings in terms of a contractile mechanism 
which is based on actin and myosin and which contracts by splitting adenosine 
triphosphate, but the results of recent investigations on the micro-structure 
and protein composition of other lamellibranch muscles (see Hanson & Lowy, 
1957) suggest that the mechanism is probably a good deal more complicated 
than this; in particular, it. seems likely that the protein, tropomysin 4, 
which has negligible adenosine triphosphatase activity, but which is present in 
abundance in these muscles, is in some way responsible for their ability to 
maintain large tensions economically for long periods (Riiegg, 1958). It is 
unfortunate that most of these investigations have been made on the adductor 
muscles, which are totally unsuitable for making isolated intact preparations 
for thermal and mechanical studies. 


The nature of the phasic and tonic responses 
In this section, two separate issues must be considered: first, the relation- 
ship between phasic and tonic responses; and secondly, the nature of the 
tonic response. 
In the preceding section, the tonic response was discussed and it was con- 
cluded that the properties of the ABRM are strikingly different during and 
after stimulation. Furthermore, the rate of heat production of the muscle seems 


‘to be much greater during stimulation than it is after stimulation (J. V. 


Howarth & B. R. Jewell, unpublished). These observations strongly suggest 
that two distinct mechanical states are possible in the ABRM—an ‘active’ 
state, associated with a high rate of energy expenditure, in which the muscle 
can shorten actively; and a ‘fused’ state, associated with a low rate of energy 
expenditure, in which tension can be maintained if the muscle is held at con- 
stant length, but in which little active shortening is possible. The ‘active’ 
state present in the muscle during stimulation gives way to the ‘fused’ state 
within a few seconds when stimulation ends: this then decays with an extremely 
slow time course, and the energy expenditure of the muscle returns to its 
resting level. | 

The relationship between the phasic and tonic responses. If it is accepted that 
these two mechanical states can exist in the ABRM, then a reasonable explana- 
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tion can be given of the well-known fact that the effects produced by different 
_. types of electrical and pharmacological stimuli appear to depend on the nature 
of the stimulus and on the initial state of the muscle (see Winton, 1937; 
Twarog, 1954). The hypothesis that will be put forward is an elaboration of an 
idea suggested by van Nieuwenhoven (1947), and it is based on his finding 
that the ABRM is supplied with both excitatory and inhibitory nerves, which 
_ reach the muscle fibres via intricate, intramuscular nerve plexuses (Bowden 
& Lowy, 1955). It is postulated that: — 

1. Different types of stimuli act on either the excitatory or the inhibitory 
systems, or on both. | 

2. Stimuli that activate the excitatory system (e.g. acetylcholine, direct 
current) produce a tonic response; that is, a response in which the ‘active’ 
state disappears rapidly when stimulation ends, leaving the muscle in the 
‘fused’ state. | 

3. Stimuli that activate the inhibitory system (e.g. 5-hydroxytryptamine) 

abolish the ‘fused’ state, and they can therefore be used to terminate a tonic 
response. 
_ 4. The effects produced by stimuli that activate both the excitatory and 
the inhibitory systems (e.g. repetitive shocks of various types) depend on the 
initial state of the muscle. (i) If it is in the relaxed state, then they produce a 
phasic response—the activity in the excitatory system produces an ‘active’ 
state, but the ‘fused’ state that would normally follow is quickly abolished 
because there has been simultaneous stimulation of the inhibitory system; | 
the result is that the tension returns to its initial resting value within about 
30 sec of the last shock. (ii) If the muscle is initially in the ‘fused’ state, the 
effects produced, by the stimuli will depend on the tension; if it has already 
fallen to a low value, there will be a contraction followed by rapid relaxation, 
as in a phasic response; but if the tension is still high, there will simply be 
rapid relaxation without any preceding phase of contraction. (iii) If the 
muscle is initially in the ‘active’ state, then the effect produced by the stimuli 
will depend on the number of muscle fibres active; if they are all active, the 
stimuli will have no apparent effect, but if only a few are active, then a phasic 
response will be superimposed on the existing contraction in the muscle. 

In stating this hypothesis stimuli have been said to act on the inhibitory and 
excitatory ‘systems’; this terminology has been used because stimuli that 
produce the same effect do not necessarily act at the same site in the muscle. 
For instance, it seems probable that (i) repetitive shocks act by setting up 
synchronous action potentials in the muscle fibres (Fletcher, 1937 b; Schmant 
& Sleator, 1956), and by stimulating the intramuscular branches of the 
inhibitory (and possibly the excitatory) nerve supply (Hoyle & Lowy, 1956), 
(ii) direct current acts directly on the contractile mechanism (Fletcher, 1937¢; 
Cambridge & Holgate, 1959), (iii) acetylcholine acts by depolarizing the muscle 
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fibre membranes (Twarog, 1954), (iv) 5-hydroxytryptamine acts directly on 
the contractile mechanism (Twarog, 1954). 

The nature of the tonic response. When the ABRM is in the ‘ fared” state, 
its mechanical properties strongly suggest that a passive mechanism is re- 
sponsible for supporting the tension, but it has been shown that the rate of 
heat production of the muscle is above the resting level. It therefore seems 
probable that the maintenance of a ‘fused’ state requires some increase in the 
energy expenditure of the muscle, and it follows that the ‘catch’ cannot be 
entirely passive, as predicted by the catch-mechanism hypothesis. However, 
it would be foolish to reject the entire hypothesis simply on these grounds, for 
the similarities between the properties of the ‘fused’ muscle and those of a 


damped elastic body are very striking, and it seems likely that the main- 


tenance of tension under these conditions does involve a ‘catch’, even if it is 
an imperfect one in some respects. 

One of its imperfections seems to be that it slips, and the result is that the 
tension gradually decays. To explain the fact that the tension can be main- 
tained at a steady level for long periods in vivo, it is therefore necessary to 
postulate that there is occasional re-excitation of the muscle; in other words, 
that the contraction is tetanic in nature. In fact, it appears that two distinct 
types of tetanic contraction are possible in the ABRM. One of them resembles 
the tetanus seen in the frog sartorius in that it is associated with a high rate 
of energy expenditure, because an ‘active’ state is continuously maintained 
in the muscle; this is the type of tetanic contraction that can be produced by 
applying repetitive shocks (at, say, 2/sec) to the ABRM. However, it seems 
reasonable to suppose that the tonic response produced by the muscle in vivo 
is based on a different type of tetanic contraction, in which tension is main- 
tained much more economically, because the muscle is only intermittently in 
the ‘active’ state. In the intervening periods, when it is in the ‘fused’ state, 
the tension is supported by the ‘catch’, which only requires a low rate of 


energy expenditure to keep it functioning. Because the ‘catch’ slips, it has 


to be reset periodically (say every, 30 min) by further bursts of excitatory 


activity, which temporarily create an ‘active’ state in the muscle. The net 


effect is that the tension can be maintained for long periods with a very low 
over-all expenditure of energy. 

Although no one can reasonably deny that the tonic response produced by 
the ABRM in vivo requires occasional re-excitation of the muscle, there is still 
some doubt about the nature of the tonic response that can be produced. by 
stimulating the isolated muscle. Hoyle & Lowy (1956) reported that the tonic 


_ responses produced by acetylcholine and by direct-current stimulation were. 


accompanied by asynchronous bursts of action potentials, which persisted 
long after the stimulus was withdrawn. However, Fletcher (1937 6), whose 
recording techniques were at least as good as those used by the later workers, 
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was anal to detect any activity of this sort (except occasionally in damaged 


preparations) during or after direct-current stimulation, and recently Johnson ~ 


(1958) reported that he has also been unable to detect any electrical activity 
in the muscle during the slow relaxation that followed cathodal stimulation 
with direct current in a Taylor triangular electrode. Thus it is by no means 


universally agreed that re-excitation of the muscle does occur when tonic 
contractions are produced in vitro. 


The tetanus hypothesis of Hoyle & Lowy (1856) is based on the assumption - 


that there are increases in the rates of firing of the spontaneously active 
elements during both phasic and tonic responses, the increase being transient 
in the phasic response, and prolonged in the tonic response, so that it greatly 
outlasts stimulation. They believe that these two types of response are tetanic 
contractions that differ in duration, and it is implied that they are related in 


the same way that long and short tetani are related in the case of the verte- 


brate skeletal muscle. If the muscle continues to be re-excited after stimula- 
tion has ended, then there is no reason to expect a sudden change in the 
mechanical state of the muscle at any time during the tonic response. The 
fact that the ‘active’ state does give way fairly abruptly to a ‘fused’ state 
when stimulation ends therefore makes it seem highly unlikely that there is 
any further re-excitation of the muscle. The slow fall in tension that occurs 
in the tonic response produced by stimulating the isolated muscle can ade- 
quately be accounted for by the intrinsically slow rate of decay of the ‘fused’ 
state, and there is certainly no need to postulate that re-excitation of the 
muscle occurs under these conditions. 


SUMMARY 


1. The mechanical properties of the Anterior byssal retractor saunéle | 
(ABRM) of Mytilus have been investigated during phasic and tonic responses _ 


by means of release experiments, in which measurements were made of the 
muscle’s ability to shorten and to redevelop tension when it is — during 
isometric contractions. 

2. Phasic responses were produced by stimulating the muscle on a multi- 
electrode assembly, with alternating condenser shocks at 10/sec. Tonic 
responses were produced by treating it with acetylcholine. 

3. When releases were made during phasic responses, the mechanical 
properties of the muscle were found to be qualitatively similar to those of 
active vertebrate skeletal muscle. After quick releases the redevelopment of 
tension was found to be consistent with the shape of the tension—length 
relationship, and independent of the speed of release over the range 0:5- 
50 mm/sec. In isotonic releases the total active shortening was always less 
than that recorded in after-loaded contractions against the same load. 

4. When releases were made during tonic responses, the mechanical 


‘ 


« 
“= 
4 
She 
ie 
} 
be 
2 
+ 
| 
| 
5 


176 B. R. JEWELL 


properties of the muscle were found to differ during and after stimulation. 
During stimulation the muscle’s ability to shorten and to redevelop tension 
was at least as great as it was during phasic responses; but after stimulation 
the amount of active shortening and the redevelopment of tension were only 
about 25° of the corresponding values found during stimulation. 

5. The behaviour of the muscle after stimulation resembled that of a 
damped elastic body, and determinations were made of the load-extension 
curves of the undamped series elastic elements, and of the whole muscle. 

6. It was suggested (i) that two mechanical states are possible in the ABRM 
—an ‘active’ state, associated with a high energy expenditure, and a ‘fused’ 
state, associated with a low energy expenditure, (ii) that the ‘active’ state 
present during stimulation in a tonic response disappears when stimulation 
ends, leaving the muscle in a ‘fused’ state, which decays extremely slowly, 
and (iii) that this provides the muscle with an economical means for sup- 
porting tensions for long periods, both im vitro and im vivo. 

7. The varied effects that are produced by different types of stimuli were 
explained by supposing that the ABRM contains both excitatory and inhibi- 
tory ‘systems’, which may be activated independently or simultaneously 
according to the nature of the stimulus. | Se 

8. The nature of the tonic response was discussed, and it was shown that 
the behaviour of the ABRM shows some of the features predicted by both the 
-“catch-mechanism’ and the ‘tetanus’ hypotheses. 

I am grateful to the Director of the Marine Laboratory for his enthusiastic support while 
the experimental work was in progress; to Dr D. R.. Wilkie for invaluable help.and encouragement 


during the preparation of the paper; and to Professor A. V. Hill for his constructive criticisms of 
the manuscript. 
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PRESSURE-VOLUME RELATIONSHIPS IN THE CHEST 
BEFORE AND AFTER DEATH 


By R. J. SHEPHARD | 


From the Ministry of Supply Chemical Defence Experimental Establishment, 
Porton Down, Salisbury, Wilts 


(Received 3 July 1959) 


Although ‘fresh’ cadavers have been used quite frequently to study techniques 
of artificial respiration and other mechanical problems that are difficult to 
investigate in the living subject, little information is available on the rate and 
magnitude of changes in the mechanics of chest wall and lung with death. 
Carson (1820) and a number of subsequent investigators attempted to measure 
the elastic recoil of the lungs after death, but conditions of inflation were not 
controlled sufficiently closely, and conflicting results were obtained. Mcllroy 
(1952) concluded that the distensibility of the lungs varied in a complex, 
unpredictable manner after death, and the only feature that showed any 
consistency was the pressure generated in the trachea on opening the thorax. 
The present report discusses findings in the rabbit and the cat before and 
up to 18 hr after death. Both open- and closed-chest preparations have been 
used, and the conditions under which stable pressure-volume relationships 
may be observed have been defined. Immediate mortal changes are shown to 
be mainly an exaggeration of mechanical characteristics already present in the 
living chest. : 


METHODS 


Material and preparation. The main series of observations was carried out on eleven female 
rabbits of 1-75-2-25 kg weight; similar experiments were also carried out on an adult cat (female, 
2-2 kg) to ensure that the findings were not peculiar to one species. All animals were anaesthetized 
by intraperitoneal pentobarbitone sodium B.P. (solution 45 mg/ml. in ethanol 10% (w/v)). An 
initial injection of 3 ml. caused loss of consciousness with minimal disturbance, and a further 
1-3 ml. given 20 min later produced deep anaesthesia with rather shallow breathing. A tracheo- 
tomy was performed, and the animal was connected to a Palmer pump. Moderate overventilation 
(stroke 18-25 ml., rate 36/min) then produced apnoea of sufficient duration to permit study of 
pressure-volume (P—V) relationships. This technique was preferred to the use of curare, which is 
known to decrease the distensibility of the lungs (Fenn, Otis & Suskind, 1954; Massion, 1957). 

After ‘static’ and dynamic curves had been plotted, an overdose of pentobarbitone sodium 
(10 ml.) was given, and 5 min later the respiratory pump was disconnected. This led to a very 
quiet death from respiratory failure. Post-mortem gross and microscopic examination showed non- 
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specific changes, typically patchy collapse of the lungs and slight hepatic congestion. Significant 
pulmonary congestion was observed in two rabbits, but in these the heart was known to be failing 
before death was induced. In all animals both ‘static’ and dynamic P-V relationships were deter- 
mined repeatedly up to 18 hr after death, the techniques being identical with those used in life. 

Temperature regulation. Rectal temperatures were measured by mercury thermometer, and 
during life were maintained in the range 37-38° C by controlling a heating pad in the operating 
table. After death teraperatures in the chest were also measured by a thermistor passed down the 
trachea to the carina. 

Pressure—volume measurements. ‘Static’ P-V curves were obtained by disconnecting the respira- 
tion pump, injecting or withdrawing a known volume of air by a syringe, and recording intra- 
tracheal pressures both directly by a water manometer, and also by a capacitance manometer 
(New Electronic Products, Type A 672) linked with a high-frequency pen recorder (Edison-Swan). 
‘Several seconds were permitted for equilibration at each volume level, but as is the usual practice 
the actual injections were made fairly rapidly, and to this extent the curves are not truly static 
in type. The capacitance manometer was used for dynamic P-V studies, volume changes being 
recorded simultaneously by a slide-wire potentiometer fitted to the piston of the Palmer pump. 
The pressure-volume characteristics of the apparatus itself were determined separately by applying 
an arterial clamp at the level of the tracheal cannula after death of the animal. 


RESULTS 
Pressure—volume relationships in the living animal 

Apnoeic animals were first subjected to a series of 8-10 inflations. Each infla- 
tion was carried out in 10 ml. steps to a total volume of 50-60 ml. over a period 
of some 30 sec. Maximum intratracheal pressures were kept to 25 cm H,0. 
A corresponding series of 8-10 deflations from the resting chest position followed. 
Typical results are illustrated in Fig. 1. All curves showed a striking change 
of slope at or near the resting chest position, much smaller pressures being 
required to inflate than to deflate the lung. Over the range 0 to +25 cm H,O 
the P-V curve showed minor irregularities, but tended to be linear or slightly 
concave upwards. A few animals were deliberately subjected to higher positive 
pressures, and above +25 cm H,0 the form of the curve altered, the pressure 
change with a constant increment of volume showing a progressive rise. 

In confirmation of the observations of Bernstein (1957), the chest was rather — 
more resistant to the first than to subsequent inflations. It is convenient to 
adopt Bernstein’s terminology, referring to the first as the ‘unadapted’ 
P-V curve, and the subsequent consistent curves as ‘adapted’ curves. The 
converse type of adaptation was noted on deflating the chest from the resting 
position after a series of inflations, a much smaller decrease of pressure for a 
given change of volume being found with the first than with subsequent 
deflations. 

By returning the air to the syringe after inflation, changes in the capacity 
of the lungs at atmospheric pressure could be detected. With cycles of moder- 
ate volume (10-20 ml.), the resting capacity of the lungs was increased by 
(8-1-0 ml. after the first inflation cycle, there being little change after subse- 
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a corresponding decrease of capacity (Fig. 2). When the volume of each cycle 
was increased to near the maximal capacity of the chest (60 ml.), much larger 
changes of capacity (5-9 ml.) were associated with the first cycie of each series. 
With more rapid dynamic inflation and deflation of the lung (9—72/min), even 
at moderate tidal volumes (18-25 ml.) 10 sec or more elapsed before the swing 
of pressure reached a steady value at any given rate of cycling. — 
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Fig. 1. Pressure-volume relationships of chest in rabbit under pentobarbitone anaesthesia. 
—-—-—-— first inflation or deflation from resting chest position, subsequent (‘adapted’) 
inflation or deflation; mean of ten series of measurements in one rabbit. Similar findings in 
ten other rabbits. 


In the two rabbits that developed cardiac failure a decrease in distensibility 
of the lungs occurred before death, but the general form of the P—V relation- 
ships, and the difference between ‘adapted’ and ‘unadapted’ curves were 
essentially as described above. The ‘adapted’ P-V curve for open-chest 
preparations showed a decreased resistance to deep inflation, but an increased 
resistance to deflation and the early part of inflation (Fig. 3). However, the 


difference between ‘adapted’ and ‘unadapted’ curves was again essentially 
unaltered. 
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Immediate changes with death 


Within 15-30 min of disconnecting the respiratory pump, three changes in 
the P-V curve were observed (Fig. 4): (a) The non-linear form of the ‘ adapted’ 
curve was much exaggerated, a large ‘negative’ pressure being necessary to 
draw even a small volume of gas from the lungs. (b) The difference between the 
first and subsequent deflations of the lung was much accentuated, the first 
(‘unadapted’) deflation curve often still corresponding quite closely with that 


Initial resting 

chest position — 

—-6 -4 -3 -2 -1 
Intratracheal pressure 
(cm H,O) 


Volume of gas added to lungs 
(ml. ATPS) 


Fig. 2. Trapping of gas in lungs of rabbit under pentobarbitone anaeswesia. On inflating the 
lungs, the resting capacity of the chest is increased by 0-8 ml. and there is a corresponding 
decrease of capacity with subsequent ‘negative’ pressure deflation. 


observed before death. (c) The positive pressure needed to inflate the lung 
to a given volume was slightly greater. — 


Changes in the resting capacity of the chest were also much larger than in 


the living animal. Even with relatively small cycles (10 ml.), capacity was 
increased by as much as 3 ml. after the first inflation, and decreased by a 
corresponding volume after the first deflation cycle (Fig. 5). In the open-chest 
preparation these changes of capacity were observed to occur concurrently 
with the inflation and collapse, respectively, of segments of the lungs. 

The shift of chest position in the absence of experimental manceuvres was 
estimated by attaching the tracheal cannula to a manometer at the time of 
death, and adding air from a syringe as necessary to maintain atmospheric 


| 
i 
~ 
“4 
8 
6 
4 
5 
| 
w -4 
<2 
10 4 
4 
| 4 
> = 
~~ 


182 | R. J. SHEPHARD 


60 


30 


20 


Volume of gas added to lungs (mi. ATPS) 


= 


Intratracheal pressure (cm 


Fig. 3. Effect of opening chest on pressure-volume relationships in rabbit under pentobarbitone 

_ anaesthesia. ——-—-— first inflation or deflation, subsequent (‘adapted’) curve; the 

. pressure-volume characteristics of the apparatus are also shown. Mean of ten series of 
measurements in one rabbit; similar findings in two other rabbits. . 


pressure. The observed change was slight (0-8—1-0 ml.), and even with allowance 
for cooling the change of capacity would not have exceeded 1-5 ml. 

Under dynamic conditions P—V loops of constant volume showed a pro- 
gressive increase of swing of pressure over the course of 10-30 cycles, the num- 
ber of cycles required to reach a steady value varying inversely with the rate 
of cycling, so that the time remained fairly constant at }—1 min (Fig. 6). The 
final swing of pressure was somewhat greater at the more rapid rates of 
cycling. 
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~20} 
Fig. 4. Pressure-volume relationships of chest in rabbit 30 min after death. Note that after 
death there is a much larger difference between the first deflation (—-—-—-) and subsequent 
i deflations ( ). Similar findings in six rabbits. 
KX, 
Initial resting 940 
chest 
-50 ~40 ~30 -20 ~10 10 20 
jon | 
gefi® 8 2 
-10F 
Fig. 5. Rabbit 2-5 hr after death. The first of a series of inflation cycles increases the resting chest 
De capacity by 3 ml. There is a corresponding decrease of resting chest capacity at the first sub- 
sequent deflation cycle. Similar findings in six rabbits. t 
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Subsequent changes 
Over the following hours all the above changes became more marked. The 
most striking increase was in the resistance of the lungs to distension under 
positive pressure (Table 1). This rose progressively for about 5 hr, and was 
then relatively constant up to 18 hr. The resistance to deflation also increased 
to a smaller extent, again reaching a maximum at 3-5 hr (Fig. 7). 


160 


Swing of relative pressure during P—V loop 
8 8 


3 


Time (min) 


Fig. 6. Rabbit 2- 5 hr after death. The number of pressure—volume cycles required to reach a 
steady swing of pressure varies inversely with the rate of inflation of the chest, but the time 
required to reach a steady value is relatively constant. Similar findings in six rabbits. 


TasiE 1. Pressures required to inflate rabbit lung (cm H,0/1.) 
Time after death (hr) 


Animal Alive 4 14 24 34 44 18 
Closed chest ; 
02 0-312 0-416 0-730 —_ — — 0-890 
03 0-405 0-430 0-448 0-505 0-470 0-603 0-590 
04 0-760 0-680 0-800 0-920 oo ~- 1-000 
05 0-233 0-393 0-487 0-620 0-670 — 0-980 
06 0-560 0-607 0-710 — _—- 1-120 1-260 
10 0-780 0-920 1-100 1-080 1-140 1-360 1-100 
Effect of heat (body temperature maintained) 
07 0-460 0-880 2-480 3:350 4-700 — — 
08 0-360 — 0-680 1-930 2-900 3°500 — — 
Open chest 

01 0-330 0-380 0-380 0-470 
0-453 0-513 0-662 3-800* 
11 0-340 0-320 0-570 0-520 0-570 0-625 | 1-100 


* Collapse of lung developed during the night and could not be overcome without subjecting 
lung to undue positive pressure. 
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Modifying factors 

Several changes i in experimental design were introduced, but the — 
alterations in the course of mortal changes were slight. 

Posture. Animals were normally allowed to die in the supine position. One 
rabbit was shifted to the prone position before death. This in itself produced 
no significant change in the P-V psi and the course of changes after death 
was also unaltered. 


Intratracheal pressure (cm H,O) 
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Fig. 7. Changes in ‘adapted’ response of rabbit to deflation up to 18 hr after death; closed chest 


preparation; each line represents mean Fe 10 series of measurements. Similar findings in 
eight rabbits. 


Temperature. The heating pad was normally switched off at the time of 
disconnecting the respiratory pump, and the corpse allowed to cool to room 
temperature (17-18° C). A steady rate of cooling was established within 
15 min, and thereafter both rectal and thoracic temperatures declined in an 
almost linear fashion (Fig. 8). The measurement of P-V curves depressed 
intrathoracic temperatures momentarily, but within 2-3 min the previous 
cooling curve was regained. 

In three rabbits the fall of general body temperature was prevented by 
covering the body with cloths and keeping the heating elements switched on. 
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There was a much larger expulsion of gas from the chest (5-10 ml., occurring 
mainly within 30 min. of death), and a gross decrease in distensibility with 
positive pressures (Table 1). The possible effects on the lungs of cooling the 
air were investigated by suspending isolated lungs in a bath of normal saline, 
first at 18° C, then at 37° C, and finally at 18°C again. Warming did not 
significantly reduce the positive pressure needed to inflate the lungs, and the 
change of resting lung capacity after the first inflation cycle was even 
slightly greater at 37° C. 
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Fig. 8. Changes in rectal and intrathoracic temperature of rabbit in first 3 hr after death. 
Similar findings in six rabbits. | 
Continued inflation. Normally the respiratory pump was disconnected at 
death, and remained disconnected for some 30 min until the P-V relationships 
were re-investigated. However, in one animal a large overdose of pentobarbital 
caused death without the pump being disconnected. Although ventilation 
was continued the changes caused by death were identical. 
Chemical agents. In one animal a fine aerosol containing an anionic 
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detergent (3% cetrimide B.P., stained with carbon particles) was insufflated 
through the tracheal cannula after death. Subsequent histological examination 
showed a very uniform distribution of carbon particles on the alveolar walls 
and in the capillary vessels. The positive pressure needed to distend the 
chest was decreased by this manceuvre, but the response to deflation was 
unaltered. | 

Amy] acetate vapour was also tested. In one animal the difference between 
‘unadapted’ responses to deflation and ‘adapted’ was slightly decreased, but 
in two others no change was observed. 


DISCUSSION 
Pressure—volume relationships before death 

The nature of ‘adaptation’. The existence of ‘adaptation’—an alteration in 
chest distensibility produced by inflation and first described by Bernstein 
(1956) as occurring in rabbits—has been confirmed, and a similar phenomenon 
has been demonstrated in a cat. Further, it has been shown (1) that converse 
changes occur at subatmospheric pressures, and (2) that the process of ‘adap- 
tation’ is associated with a change in the resting capacity of the chest. Hughes, 
May & Widdicombe (1959) have argued that ‘adaptation’ is caused by plastic 
deformation with yielding of the lung parenchyma. However, it is difficult to 
visualize a physical process whereby plastic deformation could be so readily 
reversed during deflation; and if yielding of this type did occur it should be 
repeated with each inflation cycle, whereas in the present series of experiments 
the main effect was observed with the first inflation or deflation cycle. The 
alternative possibility, a recruitment of loss of parts of the lung system by 
sudden opening or closure of either airways or alveoli, is more in keeping with 
these findings, and is supported both by volume changes on closed P-V loops 
and by direct observation on the open-chest preparation. 

‘ Adaptation’ during dynamic inflation. Assuming collapse of segments of 
the lung secondary to closure of the airways to be the main factor in ‘adapta- 
tion’, it can be appreciated that opening of an airway will be determined in 
part. by the viscosity of bronchial mucoprotein, and the probability of pro- 
ducing opening will depend not only on the magnitude of the applied force 
but also on the period over which it acts. Thus with rapid rates of inflation 
and deflation, several cycles may elapse before a steady ° adapted’ state is 
reached. 

Form of the pressure-volume curve. In both the rabbits and the cat the 
‘adapted’ P-V curve showed minor departures from linearity, of the type 
illustrated by Bernstein (1957), over the range of pressure from atmospheric 


— to +20 cm H,O. However, the main inflexion of the curve occurred a little 


below atmospheric pressure, and was not observed by Bernstein, who worked 
only with positive pressures. A second inflexion occurred at pressures in 
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excess of 25cm H,0. If observations cover the full physiological range of 
pressure, the curve for rabbits thus approaches the sigmoid form previously 
described for man (Rahn, Otis, Chadwick & Fenn, 1946), and the view of 
Bernstein (1957), that the sigmoid form is simply an artifact caused by 
grouping of data, would seem incorrect. 

The lower inflexion becomes more obvious in the ‘adapted’ ski, since at 
negative pressures ‘adaptation’ is marked by increasing collapse. In human 
subjects a comparable collapse of the airway can be produced by a forcible 
expiration, and during the fitst third of the succeeding inspiration the airway 
resistance is very much increased (Shephard, 1959). At the upper inflexion 
the elastic limit of the chest is probably being approached, with fibrous 
structures coming under tension. In man a sudden increase of pulmonary 
diffusing capacity occurs at this stage of expansion, perhaps due to a trans- 
mission of this same distending force through the pulmonary parenchyma to 
the capillary bed (Shephard, 1958). 

The changes in the open-chest preparation are due partly to loss of chest- 
wall elasticity, and partly to the decrease of lung volume at atmospheric 
pressure. However, even in the open chest the amount of air that can be 
withdrawn by forcible deflation is greater than can be ascribed to the P-V 
characteristics of the apparatus alone, and it must be concluded that some air 
is still trapped in the lungs. 

Volume of trapped gas. Comparisons with other species are hampered by 
uncertainty regarding the vital capacity of the rabbit; from the form of the 
P-—V curve, a value of 100 ml. would seem a reasonable estimate. On this 
basis trapping amounts to 0-8-1-0 % of the vital capacity during quiet breath- 
ing, and 5-9°% during maximal respiratory efforts. In man estimations of 
trapped gas made by body plethysmograph have been limited to panting from 
the normal end-expiratory position. Nine young normal subjects showed no 
significant trapping (DuBois, Botelho, Bedell, Marshall & Comroe, 1956), but 
nineteen miscellaneous cases of cardiopulmonary disease showed an average 
of 260 ml. (Bedell, Marshall, DuBois & Comroe, 1956). An essentially similar 
phenomenon has been described by Mead, Whittenberger & Radford (1957) 
under the term pulmonary volume—pressure hysteresis. With quiet breathing 
hysteresis was slight, but if respiratory cycles extended over the full vital 
capacity range, discrepancies of up to 1 1. could occur in man, with propor- 
tionate hysteresis in the dog. Further observations on the rat, cat, dog and 
man have been provided by Clements, Brown & Johnson (1958), and a fair 
agreement has been claimed between the trapping observed and the volume 


calculated from microscopic measurements of alveolar dimensions and the sur- 
face tension of lung extracts. 
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Changes in pressure-volume relationships after death 

The immediate mortal changes seem in the main an exaggeration of 
features present in the living animal. In particular, the proportion of the 
lungs participating in P-V relationships is much more variable after death, 
large segments of lung becoming atelectatic or enclosing trapped gas over the 
course of a single deflation cycle. The proximate cause of this phenomenon is 
less clear. 

Pattle (1958) has presented evidence that atelectasis of the lung is normally 
prevented by a layer of alveolar mucoid, and Clements et al. (1958) also 
consider that a mucoprotein film acts as an important ‘anti-atelectasis’ 
factor. An alteration at death in the character of this lining layer might 
be postulated. However, no significant change in the surface tension of 
alveolar mucoid has been found after incubation of the lung in saline ‘at 
37°C. A number of other considerations are against an alveolar explana- 
tion of these phenomena. If an increase of alveolar surface tension were the 
major factor, one would expect anionic detergents to decrease collapse and 
trapping, but in fact cetrimide does not produce such an effect. What is 
perhaps more important, direct observation of the lungs has shown that trap- 
ping and re-opening occur suddenly in quite large segments of the lung. 
Mead et al. (1957) have argued that this reflects regional differences in the 
summed surface forces resisting inflation, but even if these regional differences 
do exist it.is doubtful if the viscosity of bronchial mucus is such as to 
permit equalizing of surface forces throughout a large segment of lung. On 
the whole it seems preferable to regard blocking of the airway as a specific 
bronchial or bronchiolar problem, the probability of opening or closure being 


governed mainly by the opposing transmural pressure and local surface 


forces. 

Blocking of the airway cannot be a simple consequence of lack of inflation 
with gradual adhesion of bronchiolar walls, since changes were equally marked 
in the animal where ventilation was maintained after death. Nor is the shift 
in mean chest position at death an adequate explanation. A change in the 
physical properties of bronchial mucus, such as an increase of viscosity, might 
be envisaged, but it is difficult to account for this occurring within 15 min 
of death. Although the intrabronchial temperature may fall to within a few 
degrees of room temperature while the P-V loops are being measured, the 
temperature coefficient for the viscosity of mucin is thought to be small. 
Blair (1952) has cited an increase of only 10% over the range from 38 to 25° C. 
Further, the present observations on isolated lungs have not shown any 
decrease of trapping when the bath temperature was increased from 18 to 
37° C. The change is also too rapid to attribute to autolysis. Some proteins 
such as cardiac actomysin retain normal physical properties 6 hr after death 
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(Michal, Beuren, Hogancamp & Bing, 1958), and, although ‘vinyl of bron- 
chial mucoprotein might be hastened by the presence of saprophytic bacteria, 
changes are unlikely to be far advanced in 15 min. Changes in oxygen tension 


and secondary changes of pH could possibly alter the configuration of the 


protein molecule. However, the fact that amyl acetate vapour, a known pro- 
tein precipitant, has little influence on the course of trapping makes it unlikely 
that an alteration in ‘stickiness’ of the bronchiolar walls is the prime factor 
involved in mortal changes. 

Either an alteration in the structure of the bronchiolar wall or an increase 
in the transmural pressure could increase the tendency for collapse of the air- 
way during deflation. The latter seems the most probable explanation. The 
importance of an increase in transmural pressure secondary to increased 
airway resistance is being increasingly recognized in disease states such as 
asthma and emphysema (Campbell, Martin & Riley, 1957), conditions where 
air trapping is marked. In the living animal the measurement of P—V loops 
is of necessity a fairly hurried procedure, and variations of transmural pressure 
must therefore arise. After death local changes in airway resistance secondary 
to terminal oedema, pooling of blood, or increased secretion of mucin are 
almost certain to occur, and it is not difficult to believe that during deflation 
the transmural pressure gradient in the airway is sufficient to cause collapse 
and trapping of gas. Although the present observations have not shown any 
increase of trapping with cardiac failure, the fact that it is increased in the 


presence of frank oedema oe Affeldt, Goodale & Sarnoff, 1952) . 


supports this view. 
The increasing positive pressure needed to inflate the chest is probably 
largely a result of the onset of rigor mortis. This change was associated quali- 


tatively with the development of rigidity in the forelimbs and the expulsion © 


of gas from the thorax. All three processes were hastened and much exag- 
gerated by maintaining the temperature of the corpse at 37° C. In the open- 
chest preparation some early changes were still observed, and these were 
probably attributable mainly to pooling of blood in the lung at death. The 


high 18 hr value in animal 09 is an artifact, as sufficient pressure could not be - 


developed to overcome segmental collapse without danger of damaging the 
remainder of the lungs. 

In conclusion, it may be stated that death alters 
ships in the rabbit lung quite rapidly. The tendency of the airway to collapse 
with trapping of gas affects the response to deflation to the extent that it is 
no longer indicative of the behaviour of the living organ. After slow, deep 
inflation, a reproducible response to positive pressures is obtained. The 
behaviour under positive pressures may perhaps be applied with caution to 
conditions in the living animal, although even here the picture can be much dis- 
torted by rigor mortis, congestion and irreversible collapse of parts of the lungs. 
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SUMMARY 


1. Pressure—volume relationships have been studied in eleven rabbits and 
one cat during life and up to 18 hr after death. 

2. During life the volume of lung participating in the pressure-volume 
curve can be increased by a deep inflation of the lung, and decreased by a 
forcible deflation. These changes are accompanied by an increase and decrease 
respectively in the resting chest capacity, and account for the sharp lower 
inflexion of the P-V curve at or near atmospheric pressure. 

3. Within 15-30 min after death, much greater variations in the P-V 
curve and resting chest capacity can be produced by forcible inflation or 
deflation of the chest, apparently because the airway becomes more liable to 
collapse. This does not seem to be related to alterations in alveolar or bronchial 
mucoprotein, physical or chemical, or to a shift of the initial resting chest 
position, but may be due to an increase in airway resistance and a consequent 
increase of transmural pressure in the bronchi after death. 

4. The pressure required to inflate the chest increases for 3-5 hr after 
death and is then relatively constant. This change is associated with rigor 
mortis, and may be increased and hastened by maintaining body temperature 
after death. In the open-chest preparation smaller changes occur soon after 
death, and are probably related to pooling of blood in the pulmonary vessels. 

5. A stable response to positive pressures can be obtained after death if — 
the lungs are first inflated slowly and deeply. However, the distensibility 
may be less than half the value obtaining before death, and considerable 
caution must be used in extrapolating results to the living animal. 
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THE EFFECT OF INCREASED FILLING PRESSURE 
ON RHYTHMICITY AND ATRIOVENTRICULAR 
CONDUCTION IN ISOLATED HEARTS 


By W. R. KEATINGE* 


From the Medical Research Council Department of Experimental Medicine, 
University of Cambridge 


(Received 23 March 1959) 


It was reported by Knowlton & Starling (1912) and Patterson, Piper & Star- 
ling (1914) that increases of filling pressure increased the force of contraction, 


' without affecting the rate, of the denervated heart. These authors used the 
term filling pressure to mean the height of the venous reservoir above the 


right atrium, but under their experimental conditions the right atrial pressure 
usually did not change measurably with changes in the height of the venous 
reservoir. Bainbridge (1915) observed a rise in pulse rate when the venous 
pressure of intact dogs was raised, and considered it to be brought about 


teflexly. However, Aviado, Li, Kalow, Schmidt, Turnbull, Peskin, Hess & 


Weiss (1951) usually observed a fall in heart rate, which was abolished by 
vagotomy, when the venous pressure of intact dogs was raised; but they 
sometimes observed a rise in rate which was unaffected by vagotomy, and 
which they considered to be mediated by the sympathetic. Similar results 
on cats have been reported by Barer & Kottegoda (1958). Coleridge & Linden 
(19554, b) reported that an increase of venous pressure in intact dogs usually 
caused an increase in heart rate if the initial rate was low, and a fall if the 
initial rate was high. 7 : 
The present experiments were designed to see how far such results could be 
accounted for by a direct effect of stretch on the pace-maker of the heart, — 
and when positive results were obtained they were extended to investigate 
the effect of raised filling pressure on the rate of individual chambers and on 
atrioventricular conduction. It has recently been found that the rate of beating 
of isolated frogs’ hearts (Pathak & Kahali, 1957) and separate chambers from 
them (Pathak, 1957) can be changed by increasing their filling pressure, 
and further experiments on changes of rate in frog hearts (Pathak, 1958a) 
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and mammalian hearts (Pathak, 1958b) have been reported. The present 
experiments, which were started independently, were carried out on frog, 
tortoise and rabbit hearts. In many respects they confirm and extend Pathak’s 
findings in regard to the effect of changes of filling pressure on the rate of 
normal and abnormal pace-makers, although they disagree on some points. 
Changes in conduction are also reported which resemble the changes in 
rate. A preliminary report of these experiments has already been published 
(Keatinge, 1959). i 
METHODS 


Studies were made on twenty rabbit hearts, four tortoise hearts and eight frog hearts. The rabbits 
were killed by a blow on the head, the tortoises were decapitated, and the frogs were pithed before 
their hearts were removed. 

As soon as a rabbit heart was removed from the animal a metal cannula was tied into the aorta 
and the coronary circulation perfused at a pressure of 120 cm H,O with a fluid containing (mm) 
NaCl 133; KCl 4-7; NaH,PO, 1-38; NaHCO, 16-3; CaCl, 2-5; Mg Cl, 0-105 and dextrose 7-8, the 
last three substances being added after equilibration of the solution of the first four with 95% 
0, +5% CO, (Born & Biilbring, 1956). Glass cannulae of 3-4 mm internal diameter were tied into 
the stumps of the pulmonary artery, posterior vena cava, right anterior vena cava and a pulmonary 
vein, the other pulmonary veins and the left anterior vena cava being tied off. In some cases 
the pulmonary vein orifices were too small to admit the last cannula; in these hearts the cannula 
was inserted through an incision in the left atrium and all the pulmonary vein orifices tied off. 
The cannulae in the right anterior vena cava and the left atrium were connected to a second 
reservoir containing fluid of the same composition as was used to perfuse the coronary circulation, 
but in this case only a few centimetres higher than the level of the heart. The cannulae in the 
posterior vena cava and in the pulmonary artery were attached to separate saline manometers. 
The former recorded the mean right atrial pressure while the latter prevented outflow of fluid from 
the right side of the heart and gave a rough visual impression of the pressure developed by the 
right ventricle. Fluid normally flowed from the high-pressure reservoir through the coronary 
circulation into the right atrium, and then out to the low-pressure reservoir, but in some prepara- 
tions fluid leaked from the right atrium when the level of the low-pressure reservoir was raised, 
and then fluid flowed towards the heart from both reservoirs. In most experiments the left 
atrium was also connected to the low-pressure reservoir, when some fluid was probably pumped 
through the left side of the heart into the aorta. In experiments on atrioventricular conduction, 
pressure was sometimes transmitted to only one atrium at a time, the cannula in the other being 
left open to the surrounding fluid. The fluid from the high- and the low-pressure reservoirs was 
passed through separate coils of plastic tubing immersed in a water-bath, which was maintained 
to within +0-5° C of either 37 or 27° C by switching on heating elements when necessary. The 
fluid surrounding the heart was maintained to within 1° C of the same temperature by immersing 
the dish containing it in the same water-bath. The perfusion system is illustrated in Fig. 1. 

The rate of flow of fluid into the stump of the aorta was measured by passing the fluid through 
a short (15 cm) length of thick-walled rubber tube immersed in crushed ice and water. A thermo- 
junction was inserted into the fluid before and another after it entered the tube. These were 
connected up in opposition and the resulting e.m.f. led to a direct-reading galvanometer. The 
deflexion was, therefore, proportional to the temperature difference between inflowing and out- 
flowing fluid, which in turn depended on the rate of flow, the device being a type of reversed 
thermostromuhr. The apparatus was calibrated empirically and the flow rate it recorded was 
regarded as representing the coronary flow when no fluid was being perfused into the left side 
of the heart. The fluid then passed through warming coils before reaching the heart. 

In some experiments the cardiac contractions were recorded mechanically by a pin in the apex 
of the ventricles, attached to an ink-writing lever on a kymograph. However, when this procedure 
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was attempted in rabbit hearts it sometimes caused ventricular extrasystoles which interfered 
with the counting of the sinus rhythms. Mechanical recording was therefore avoided with most 
rabbit hearts, and in most cases beats were counted visually with the aid of a stop-watch. With 
practice and the aid of oblique lighting, little difficulty was experienced in making accurate counts 
even when the rhythm was rapid. Counts were normally made over 30 sec periods, which started 
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Fig. 1. The experimental arrangement used for perfusing rabbit hearts. For details, see text. 


It was usually possible to determine by visual inspection of tortoise and frog hearts whether 
their beat began in the sinus venosus, atria, or ventricles. Electrocardiographic records were 
taken from a number of rabbit hearts, dipolar leads being used with one lead about 1 cm from 
the right atrium and the other 3 cm from the apex of the left ventricle. They therefore corresponded 
roughly with Lead II in the intact animal. They were used to distinguish between beats of ventri- 
cular and supraventricular origin, and to count the rate in a few cases when visual counting was 
difficult because of great distension of the heart. They were also used to confirm that there was 
complete dissociation between atrial and ventricular beats after incision of the atrioventricular — 
bundle. It was found to be impossible to distinguish between beats arising in the sinu-atrial node 
and those arising elsewhere in the atria by means of the e.c.g., but the tying off of the node at the 
end of many experiments gave information on this. Provided there were no abrupt changes in 
rate during the experiment and no irregular rhythms, and the rate subsequently fell abruptly 
when a ligature was tied around the region of the stad the beat was assumed to have arisen in 
the sinu-atrial node. 

In experiments on atrioventricular ecbdnction the heart was driven artificially by discharging 
condenser shocks applied to the atria by blunt dipolar electrodes. The rate of drive was increased 
until the ventricles began to drop beats, and was then slowly reduced until the ventricles were 
just able to follow the atria again. The latter rate was recorded as the maximum rate the atrio- 
ventricular bundle was capable of conducting under the existing conditions. Dropped beats under 
these conditions could, alternatively, be due to failure of the atria or ventricles to respond to all _ 
the stimuli. The former was excluded in every case by visual inspection. The latter was excluded 
in a few cases only by observing that the ventricle would respond to more rapid direct stimulation . 
without dropping beats. 

In many cases, when the main experiments on a rabbit heart had been completed an incision 
was made in the right atrium to expose its interior. A small incision was then made with a fine- 
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bladed scalpel at the posterior part of the junction of the interatrial with the interventricular 
septum, to interrupt the atrioventricular bundle (Lloyd, 1928). With practice, little difficulty 
was experienced in bringing about complete atrioventricular dissociation by a lesion 1-2 mm long. 
The incision in the right atrial wall was then closed by a purse-string suture, and a further ligature 
tied tightly round the atrium and the cannula inserted into it through the right anterior vena cava, 
a few millimetres from the junction of the atrium with the anterior venae cavae, thus isolating 
the sinu-atrial node from the rest of the atrial muscle without obstructing the flow of fluid. The 
atria and ventricles then beat independently of each other and of the sinu-atrial node, or failed to 
beat at all. The effect of changes of intraluminal pressure on the intrinsic rhythmicity of the atrial 
muscle on one hand, and the ventricular on the other, was studied by counting their rates of 
beating separately. 

The low-pressure reservoir in all experiments on rabbit hearts was connected to both right and 
left atria, except in some experiments on atrioventricular conduction when it was connected to 
only one atrium at a time. The term ‘filling pressure’ used without qualification indicates the 
pressure recorded in the right atrium, when both atria were connected to the reservoir. The left 
atrial pressure and the left and right ventricular diastolic pressures were probably always close 
to this pressure, which was always close to the height of the low-pressure reservoir above the 
atrium. The term ‘right atrial filling pressure’ indicates the measured right atrial pressure when 
the left atrium was disconnected from the reservoir. ‘Left atrial filling pressure’ represents the 
measured height of the low-pressure reservoir above the left atrium, when the right atrium was 
disconnected. It was probably close to the true left atrial pressure. When one atrium was dis- 
connected from the perfusion system the cannula in it was disconnected from the perfusion 
system and left open to the surrounding fluid, and escape of the fluid from the perfusion system 


prevented by turning a three-way tap. 


In the case of the frog and tortoise hearts a glass cannula of 3 mm internal diameter was tied 
into the sinus venosus, and the hearts were perfused through this from a reservoir of Ringer’s fluid 
(1% NaHCO, 1 ml.; 1% CaCl, 1 ml.; 1% KCl 0-75 ml. ; 0-6% NaCl to 100 ml.) at room tempera- 
ture (20-22° C). The pressure in the hearts was varied by raising or lowering the reservoir and their 
contractions recorded on the kymograph. The pressure in the sinus was not measured directly, 
but since the reservoir and sinus were connected by wide-bore tubing and cannulae the pressure 
in the sinus probably followed that in the reservoir fairly closely. In the case of frog and tortoise 
hearts the term ‘filling pressure’ indicates the height of the inflow reservoir above the heart. 
After observations had been made on the atrial beat of the frog hearts the cannula was advanced 
into the ventricle and a ligature was tied between the atria and ventricles (Stannius’s 2nd ligature) 
and the effect of alterations of inflow pressure on the intrinsic ventricular rhythm was then studied. 


RESULTS 
The atria of the rabbit hearts remained in good condition for at least 7 hr. 
Their ventricular contractions remained strong for periods varying from 
1 to 5 hr, after which they becdme weak, and the hearts became liable to 


ventricular fibrillation. 


The frogs’ hearts usually beat satisfactorily for about 2 hr and the tortoises’ 
hearts for longer. Although the cannula was tied into the sinus venosus in 
both of these, the heart beat often originated in the atria, and the sinus failed 
to contract, presumably as a result of trauma during removal of the heart and 


cannulation of the sinus. 
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Effect of distension on the normal pace-maker of the rabbit heart 

Figure 2 (top left) shows the effect of progressively raising and lowering 
the right atrial pressure of a rabbit heart at the rate of approximately 2 cm 
H,0 each minute. Its rate of beating increased as the pressure was raised to 
15cm H,O, but fell slightly when the pressure was raised to higher levels. 
As the pressure was lowered the rate fell further, and was always slower for 
any given pressure than when the pressure was being raised. A subsequent 
increase in pressure produced a similar, but rather smaller i increase in pressure 
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Fig. 2. The effect of progressive changes in filling pressure on the rate of beating of two isolated 
rabbit hearts. (Pressure changed and heart rate counted every minute.) 

than on the first occasion (Fig. 2, top right). Most hearts reached a maximum 
rate at a filling pressure of 8-18 cm when the pressure was raised at about 
2cm/min, but in a few preparations the increase in rate was very small and 
reached a maximum with a pressure increase of only 1-3 cm. One of these is 
illustrated in Fig. 2 (bottom left). Pressure changes had much the same effect 


on this heart at 27°C as at 37°C (Fig. 2, bottom right). This pattern of an early 


increase and later decrease in rate as the pressure was steadily raised was seen 
in all hearts, and so was the tendency to beat more slowly when the pressure 
was being lowered than when it was being raised. 

Figure 3 illustrates two experiments in which datoie in filling pressure 
were maintained for several minutes. The top section shows the behaviour of 


_ a representative heart. An increase in filling pressure was followed by an 


increase in rate which reached a maximum in the first minute. With longer 
exposure to the higher pressure the increase was followed by a fall in rate if 
the increase was a large one, this fall sometimes continuing for several minutes, 
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Converse changes were produced by decreases in pressure. When the pressure 
increase was large the early increase in rate was greater, but was followed by 
a quicker and larger fall in rate than if the pressure increase was small. All 
hearts showed the pattern of an early increase and later decrease in rate when 
exposed to a high, maintained filling pressure, and the converse pattern, i.e. an 
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Fig. 3. The effect of sustained increases in filling pressure on the rate of beating of two rabbit hearts. 


Filling pressure 


early fall and subsequent recovery, was usually seen when the pressure was 
lowered. The bottom section of Fig. 3 shows results from a preparation which 
was unusual in that the increase in rate following an increase of pressure was 
large, slow in development and persistent. The increase in rate took several 
minutes to reach a maximum after the pressure was raised, and took several 
minutes to fall to a minimum after it had been lowered. In all other hearts 
the rate increased to a maximum within a minute of an increase in pressure. 


Ectopic foci and fibrillation in rabbit hearts 
Figure 4 (top) shows the effect of an increase in filling pressure on a rabbit 


atrium which had stopped beating after the sinu-atrial node was tied off. 
The atrium was restarted by an increase in pressure of 20cm H,0, and 
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subsequent increases in pressure increased its rate of beating and decreases 
in pressure slowed it. Figure 4 (bottom) shows very similar behaviour in 
a tabbit ventricle. The behaviour of both of them resembled that of intact 
hearts in that increases in filling pressure usually caused an early increase and 
later decrease in rate. However, they differed from most intact rabbit hearts 


140r 


120F 


oS 8S Atrium rate (beats/min) 


r 


Filling pressure 
(cm H,O) 


S Ventricle rate (beats/min) 


oo 


Filling pressure 
(cm H,O) 
ra 


Time (min) 


Fig. 4. The effect of wn increase in filling pressure on a rabbit atrium (above) and ventricle (below) — 
which did not beat spontaneously. 


in that the increases in rate usually took some minutes to reach a maximum 
and persisted for several minutes after the pressure was lowered, and the 
depressing effect of high pressures was little in evidence, developing relatively 
weakly even during prolonged exposure to high pressures. Although this 
behaviour differed from a typical intact heart, it was similar to that of the 
atypical heart illustrated in Fig. 3 (bottom). All the three rabbit ventricles 
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and three rabbit atria which stopped beating after isolation of the sinu-atrial 
node and section of the atrioventricular bundle could be restarted by increas- 
ing their filling pressure to between 12 and 26 cm H,0. They also subsequently 
showed increases in rate with later increases in pressure, and decreases in 
rate with falls in pressure, with the depressing effects of high pressures little 
in evidence. Other isolated rabbit ventricles and atria, which beat spon- — 
taneously even at low inflow pressures after the sinu-atrial node was tied off, 
showed one or other of the patterns of response to pressure seen in intact 
hearts. In some the accelerating effects of pressure were large, while in others 
they were slight or absent and the retarding action of pressure predominated. 
The latter behaviour was more usual if the initial rate was rapid, while the 
accelerating effect of pressure was usually more marked when the initial rate 
was low. 

On several occasions rabbit atria exposed to pressures of 20-40 cm H,O 
developed rapid irregular atrial rhythms, which sometimes persisted on lower- 
ing the pressure. These were seen several times when the sinu-atrial node was 
still in continuity with the atrial muscle, but since they also developed when 
the node had been tied off it seemed likely that they often arose outside the 
node. Only one heart developed true atrial fibrillation when the pressure 
was raised; this continued when the pressure was lowered, but was arrested 
by cooling the heart in ice-water. 

Ventricular fibrillation developed in five rabbit hearts. In three it followed 
a sudden rise of inflow pressure, and in two of these ceased when the pressure 
was lowered and appeared again when it was raised, to 12cm H,0 in one 
case and to 2:5 cm H,0 in the other. In each case it was preceded by a rapid 
ventricular arrhythmia and the fibrillation appeared only after the heart had 
been exposed to high filling pressures for 30 sec or more. On another occasion 
ventricular fibrillation was precipitated by rapid stimulation of the ventricle 
via the atrioventricular bundle (through condenser shocks to the atria); it 
was arrested by cooling and rewarming the heart but returned when the 
stimulation was recommenced. 


Effect of distension on frog and tortoise hearts 

Figure 5 illustrates a tortoise heart in which the beats originated in the 
atria and were slow and irregular at low filling pressures. The top of the figure 
shows that the rate twice increased when the filling pressure was raised to 
25cm, and fell with a further increase. Each time the rate was slower at 
the pressure of 2-5 cm H,O when the pressure was being lowered than when 
it was being raised, providing evidence of a persisting depression after expo- 
sure of the heart to a pressure of 4-5 cm H,O. The bottom of the figure shows 
part of the trace recorded from the same heart when the pressure was subse- 
quently raised through the same steps, and illustrates the time course of the 
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changes. After both increases in pressure the rate rose quickly, but subse- 
quently tended to decrease, particularly at the higher pressure. 

In a few of the frog hearts the beat could be seen to originate in the sinus 
venosus; in most of them and in all four tortoise hearts it originated in the 
atria and therefore in an abnormal site. The majority of preparations showed 
increases in rate with increases of inflow pressure up to about 4 cm H,0. 
_ These increases were usually small, of the order of 5-20 °%, but were consistent 
and repeatable in any given preparation. With further increases in pressure 
there was usually a fall in rate, and a number of preparations showed only 
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Fig. 5. The effect of increased filling pressure on the rate of beating of a tortoise heart. Top; 
changes in rate during repeated raising and lowering of the pressure; open circles represent 
an irregular beat: bottom; kymograph trace, showing the effect on the rate of beating of 
raising the filling pressure in steps. 


a fall in rate when their inflow pressure was raised: Irregular rhythms or 
atrial fibrillation sometimes appeared if the filling pressure was raised above 
10 cm H,0. | 

Frog ventricles usually ceased to beat when separated from their atria. 
Figure 6 shows the trace of one of these which was restarted by raising its filling 
pressure to 30 cm H,0. However, the rate slowed rather rapidly, fell abruptly 
_when the pressure was lowered and stopped after a few more beats. A subse- 
quent rise of pressure to the same figure restarted the heart again, but the 
heart rapidly slowed and stopped while the pressure was maintained. All 
the five frog ventricles studied behaved in a similar way, being restarted by 
a pressure of 6-30 cm H,0, but slowing down and often stopping within a 
few minutes even if a high filling pressure was maintained. 
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Fig. 6. The effect of an increase of filling pressure on a frog ventricle 
which did not beat spontaneously. 


The effect of an increase in filling pressure on atrioventricular conduction 
in the rabbit heart 


Figure 7 (top left) shows the effect of a progressive increase and decrease 
in the filling pressure of a representative heart on the impulses that could be 
transmitted per minute from the atria to the ventricles. There was a trivial 
improvement when the pressure was raised to 4cm H,O, but with larger 
increases in pressure the rate of conduction decreased, and recovered only 
when the pressure was lowered. Figure 7 (top right) shows that the effect 
of pressure on conduction in this heart was generally similar at 27° C, although 
a large increase in pressure then produced some improvement in conduction. 
Figure 7 = shows that conduction (in another preparation) continued 
to deteriorate fur some minutes if a high pressure was maintained. This was 
a common pattern of response to a prolonged increase, although in many 
preparations conduction improved after the initial depression when a high 
pressure was maintained. When the pressure was lowered suddenly the rate 
of conduction first deteriorated and then recovered slowly. Since each deter- 
mination of the rate of conduction took about 90 sec it was impossible to 
measure the immediate effects of increases or decreases in pressure. It was, 
however, observed in many preparations that after a fall in pressure a high 
degree of block often appeared suddenly at the same frequency of stimulation, 
conduction then improving rapidly for a time. This behaviour was seen in the 
preparation illustrated in Fig. 7 (centre), in which the rapid changes in 
conduction are indicated approximately by dotted lines. Figure 7 (bottom) 
shows a less typical preparation in which conduction improved considerably 
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when the filling pressure was increased up to 10 cm, but fell with further 
increases in pressure. Only four out of eleven preparations showed a substan- 
tial improvement in conduction with increased filling pressure before depres- 
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sion appeared. More complex effects were observed in a few cases. In particular, 
large rises in pressure sometimes caused improvement after early deteriora- 
tion, as in Fig, 7 (top right). 

It was observed that when hearts were removed from rabbits a temporary 
partial or complete heart block often appeared before an artificial coronary 
flow was restored, although the ventricles continued to contract strongly when 
impulses did reach them, suggesting that the conducting tissue was more 
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susceptible than the ventricles to an inadequate coronary flow. It was then 
found that substantial increases in right atrial pressure usually decreased the 
coronary flow by 5-10%, presumably by increasing the back pressure in the 
coronary veins. It therefore seemed possible that this decrease in coronary 
flow was responsible for the depressing action of raised inflow pressure on 
conduction. Figure 8 illustrates one of four experiments carried out to test 
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Fig. 8. The effect of separate changes in right atrial (RA), left atrial (LA) and coronary perfusion 
pressures on atrioventricular conduction in a rabbit heart. 


this possibility. The figure shows that an increase in right atrial pressure 
alone had slightly more effect than a similar increase in both right and left 
atrial pressures. An increase in left atrial pressure alone, however, had rela- 
tively little effect on conduction. A decrease in aortic pressure of 30 cm H,0 
lowered the coronary flow as much as the rise in right atrial pressure had done. 
but had no appreciable effect on conduction. Similar experiments were carried 
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out on three other preparations. In one the fall in coronary flow also appeared 
to play no part in the change in conduction produced by changing the right 
atrial pressure, but in the remaining two the depression of conduction brought 


about by a rise in right atrial pressure was caused at least in part by the fall 
in coronary flow. 


Effect of temperature on rhythmicity and atrioventricular conduction 
In most cases similar experiments were carried out on each rabbit heart 
at both 27 and 37° C. The results of some of these are shown in Figs. 2, 3 and 7. 
The rate of beating of normal pace-makers and of ectopic foci, and the maxi- 
mum rate of atrioventricular conduction, were almost halved when the 
temperature was lowered from 37 to 27° C. The effect of pressure changes on 
both rate and conduction, however, was similar at the two temperatures. 


Effect of temperature on ventricular fibrillation 
When ventricular fibrillation could not be arrested by other means it ald 


always be stopped by plunging the heart into ice-water, as reported "7 
Ruskin & Decherd (1949), although fibrillation sometimes reappeared o 


warming. 


DISCUSSION 


Increases in the filling pressure of the hearts brought about similar changes 
in the rate of normal and abnormal pace-makers: an early rise and later fall, 
the fall being more marked if the increase in pressure was large. Conversely 
a fall in filling pressure was followed by an early depression and later recovery. 
Such increases sometimes caused a rather similar early improvement and later 
deterioration in atrioventricular conduction, but the deterioration was most 
in evidence in this case and the early improvement often absent. As regards 
the effect of pace-makers these results confirm many of the observations of 
Pathak (1958a, b),.in particular that small increases in fillmg pressure 
tended to increase, and large increases in filling pressure to decrease, the 
rate of the isolated heart, and that an increase in filling pressure had much 
the same effect on the rate of the heart at 25-27° C as at 37°C. However, 
in the present experiments a sudden fall in filling pressure often produced 
an immediate fall and a later rise in rate, instead of a simple return to the 
~ resting rate as reported by Pathak (19586). It is interesting that the slow 
development and persistence of the depressing effect of high pressure were 
observed in both tortoise and rabbit hearts (Figs. 2, 5), and that functionally 
isolated rabbit atria and ventricles, as well as frog ventricles, could regularly 
he restarted by i increasing their intraluminal pressure (Figs. 4, 6). It is also 
interesting in connexion with the changes of atrioventricular conduction 
observed in these experiments that Pathak (19582) obtained electro- 

cardiographic evidence of block in conduction between the sinus venosus and 
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atria of some frog hearts when their filling pressure was raised. Many of the 
effects of distension observed therefore may well be general to vertebrate 
cardiac muscle. 

The time course of the early stimulation and later depression was roughly 
the same for atrioventricular conduction as for pace-makers (Figs. 3, 7), 
although there were considerable differences between preparations both in 
the time course and the relative dominance of the stimulating or depressing 
effect, and the latter was often absent in the case of atrioventricular conduc- 
tion. The details of the underlying mechanisms must differ, as the effects of 
pressure on conduction must be due to changes in the refractory period of 
the conducting tissue rather than in its rate of spontaneous firing, but the 
effects of distension may all be due to an increase in the rate of depolarization, 
of pace-makers and conducting tissue, during diastole. Dudel & Trautwein 
(1954) have shown that the slow diastolic depolarization of the Purkinje fibres 
of dogs can be accelerated by stretching, and that further stretching may 
initiate a series of rapid spikes. The mechanism of slow diastolic depolarization 
in cardiac muscle is still uncertain, but Draper & Weidmann (1951) reported 
some evidence that a slow leak of sodium into cells was responsible, and an 
increase in this leak as a result of stretching could account for many of the 
effects observed in the present experiments. The later depressive effect of high 
filling pressures may be related to the fact that substantial lowering of the 
membrane potential reduces the availability of the sodium-carrying ‘spike’ 
mechanism (Weidmann, 1955). Although neither Dudel & Trautwein (1954) 
nor Hollander & Webb (1955) were able to detect any change in the height 
or duration of the cardiac action potential on moderate stretching, the 
observation of the former authors that the action potential of Purkinje fibres 
was diminished by excessive stretching is in keeping with this view. Such 
effects might well appear earlier in normal and abnormal pace-makers which 
must depolarize spontaneously at a more rapid rate than other cardiac muscle 
cells. 
The fact that increases of pressure on the right side of the heart affected 
conduction more than similar increases applied to the~left side is probably 
due to the fact that the origin of the atrioventricular bundle in the rabbit, as 
in man, is more closely related to the right atrium than the left, lying on the 
right-hand side of the posterior attachment of the interatrial septum (Lloyd, 
1928). The sometimes complex effect of pressure on conduction may have been 
due to different degrees of raised pressure affecting different parts of the con- 
ducting system differently, as well as to the further complicating factor of 
depression of conduction by decreased coronary flow in some cases. 

There are some obvious clinical applications of these findings if they hold 
good for human hearts. The fact than an increase in filling pressure sometimes 
precipitated ventricular fibrillation suggests that such increases might be 
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hazardous in patients whose hearts are prone to ventricular arrhythmias. 
It also supports the claim by Bigelow, Lindsay & Greenwood (1950) that the 
incidence of ventricular fibrillation in hypothermic dogs, whose venous 
pressure is often high, can be reduced by carrying out venesection, although 
the experimental findings of these authors have been contested by Covino, 
Charleson & D'Amato (1954). The fact that ventricles could be restarted by 
an increase of pressure (Fig. 4), together with evidence that the venous pres- 
sure can be raised by sudden exposure to cold (Bondurant, Hickam & Isley, 
1957; Keatinge & McCance, 1957), and that vasoconstriction will raise the 
mean circulatory filling pressure even after the circulation has stopped 
(Guyton, Polizo & Armstrong, 1954) suggests that sudden exposure to cold, 
in the form of a bucket of cold water, might be a useful first-aid measure for 
Stokes-Adams attacks in man. The observations on the effect of intraluminal 
pressure on heart block provide an explanation for the clinical observation 
that bundle-branch block may disappear if the degree of heart failure is 
reduced (Cecil & Loeb, 1955). They also suggest, however, that an abrupt 
lowering of the venous pressure of patients with partial heart block is likely 
‘to cause a temporary worsening of the degree of block. 


SUMMARY 


1. Isolated hearts of frogs, tortoises and rabbits beat faster when their 
filling pressure was raised. The-increase was followed by a slow decrease in 
rate if the rise in pressure was substantial. 

2. Ectopic foci behaved in a similar way and inactive chambers could 
always be restarted by increasing their filling pressure. In the case of rabbit 
atria and ventricles, the beat usually continued when the pressure was 
subsequently lowered. 

3. Atrioventricular conduction in rabbit hearts was depressed when their 
filling pressure was raised, although the depression was sometimes preceded 
by an improvement in conduction. The depression appeared to result from 
stretching of the conducting tissue and (in some cases) from diminished 
coronary flow. | 

4. Increased right atrial pressure alone gave similar depression, but in- 
creased left atrial pressure alone produced relatively little change in conduction. 

5. A decrease in filling pressure from high levels usually caused immediate 
slowing of pace-makers and deterioration in atrioventricular conduction, with 


later recovery. 
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INJECTION OF DRUGS INTO THE CEREBRAL 
VENTRICLE OF SHEEP 


By A. C. PALMER 


From the Department of Veterinary Clinical Studies, | 
School of Veterinary Medicine, University of Cambridge 


(Received 12 August 1959) 


_ A systematic examination of the effects of drugs in the cerebral ventricles has 
been carried out in recent years in cats by Feldberg & Sherwood (1954a, b, 
1957) and in mice by Haley & McCormick (1957). Similar experiments have 


been performed in sheep, and a preliminary account of these experiments has 
been published elsewhere (Palmer, 1957). 


METHODS 


Animals. Experiments were conducted on five Welsh Mountain wethers. The technique used 
by Feldberg & Sherwood (1953) for cannulation of the lateral ventricle in cats did not prove satis- 
factory in sheep because it was found that the sheep’s skull was often damaged during the 
operation. A method was, therefore, devised whereby a stainless-steel sleeve was first screwed 
into a hole in the skull. The cannula was threaded inside the sleeve so that the cannula could be 
removed and re-inserted without damaging the threads tapped in the bone. This method was 
subsequently used on cats and was described in full by Bhawe (1957). 

Introduction of the modified cannula into sheep was conducted aseptically under Nembutal 
anaesthesia (Abbott Laboratories; veterinary pentobarbitone). A hole was bored through the 
skull 5 mm lateral to the mid line and 5 mm caudal to the fronto-parietal suture; in this region, 
the skull is about 4—5 mm thick. With the animal’s head held so that q line joining the nuchal 
crest with the orbital crest of the frontal bone was horizontal, and with the level of the eyes also 
horizontal, the drill was directed vertically downwards. After the hole in the skull had been 
tapped and the sleeve introduced, the technique was the same as that described by Feldberg & 
Sherwood (1953). The depth at which the ventricle was entered varied between 15 mm and 22 mm 
from the inner surface of the skull. 

In order to prevent interference with the cannula, a guard was fitted by permanently bolting a 
strip of aluminium between the horns. Some of the cannulae remained satisfactorily implanted 
for 12 months, 

Drugs. All the drugs used were dissolved or diluted in sterile Tyrode solution. Doses of 0-4 ml. 
were injected through the rubber cap of the cannula and washed in with 0-2 ml. of Tyrode solu- 
tion. The following drugs were used for injection: eserine sulphate (Burroughs Wellcome), di- 
isopropylfluorophosphonate (DFP, Boots Pure Drug Co.), neostigmine (dimethylcearbamic ester 
of 3-hydroxyphenyl-trimethyl onium-methylsulphate, Roche Products), acetylcholine 


chloride (Roche Products), carbachol (carbamylcholine chloride, Light Bros.), nicotine hydrogen 
tartrate (British Drug Houses), L-noradrenaline hydrogen tartrate (Light Bros.) and adrenaline 
14 
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hydrogen tartrate (Light Bros.). Confirmation that the cannulae were in the ventricles was ob- 
tained either at post-mortem or by radiography after the injection of 1-5 ml. of Myodil (ethy) 
iodophenylundecylate, Glaxo Laboratories) into the ventricle. 


RESULTS 


Eserine sulphate in doses of 0-5-1 mg produced over-excitability, inco- 
ordination, shivering, head and ear movements and paralysis of the 3rd, 5th, — 
7th and 12th cranial nerves. Within 1 min of injection the animal became 
restless and bleated loudly. The gait became abnormal, with excessive abduc- 
tion and extension of the hind legs; motor effects became pronounced during 
the next 5 min and finally the animals could only walk in a crouched position 
with hind legs wide apart. Fasciculation occurred in superficial muscles and 
there was intermittent jerking of the limbs. 

In addition, 3-10 min after the injection the mouth gradually opened and 
there was profuse salivation. There was little resistance to passive movement 
of the jaw and no voluntary mastication. The tongue was flaccidly extruded 
from the mouth. Cheeks became flaccid and were passively drawn in and puffed 
out with each respiration. Bilateral ptosis and lachrymation developed, and 
the ears drooped; nystagmus was sometimes present. No signs of blindness or 
deafness were evident; on the contrary, the slightest visual or auditory stimulus 
caused exaggerated tremor and evasion by the animal. _ | 

About. 30 min after the injection rectal temperature was elevated by 4° F 
(22° C) and respiration became laboured and the rate increased to about 
300/min. Elevation of rectal temperature preceded the onset of over-ventilation. 

Recovery from the effects of eserine was usually complete within 30-40 min 
after the injection. During the recovery stage animals stood with the hind 
legs excessively abducted, and the manifestations gradually subsided. 

DFP in doses of 2 mg resulted in a response similar to that obtained with 
eserine. Manifestations included restlessness, abnormal gait, loss of balance, 
tremor of the head and legs and occasional jerky movements of the legs. There 
was also flaccidity of the lips, of the jaw muscles and tongue and drooling of 
saliva. Respiration became stertorous. Rectal temperature was elevated 
2-3° F (1-1-1-6° C), Recovery was not complete until 5 hr after the injection. 
Chronic effects did not occur. 

Neostigmine in a dose of 1 mg caused a. two-stage response. At first the 
effects were similar to those of eserine but later the animal became over- 
excitable and did not regain its normal state until 2} hr after the injection. 

The eserine-like response was delayed in onset. Slight twitching of the ears 
and restlessness occurred 2-3 min after the injection, and the gait became 
abnormal during the next 20 min. There was loss of balance, the hind legs 
were straddled and the hind quarters swayed from side to side. The sheep 
licked and salivated but there was only slight drooping of the jaw, no paralysis 
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of the tongue and no bleating. Side-to-side movements of the head occurred, 
with fasciculation, shivering and nystagmus. 

Thirty minutes after the injection the sheep became extremely restless and 
over-excitable. It moved about continuously and would not stand still. Later 
there were over-extension of the forelegs, clonus and exaggerated knee jerks. 

Acetylcholine chloride had no effect when injected intraventricularly into 
two animals; but in a third 4 mg of the drug produced marked tremor of the 
head which spread to the trunk and limbs. The tremor disappeared when the 
sheep was recumbent. Fasciculation occurred and gait became abnormal; the 
forelegs were retracted under the chest, while the hind legs were extended so 
that the animal tended to fall forwards. The ears were flaccid, the head was 
held close to the ground and the sheep was restless. Rectal temperature rose 
45° F within 30 min of the injection and the respiratory rate increased to 
over 300/min. Recovery was complete 1 hr after the injection. 

Carbachol. Results of the intraventricular injection of 0-1 mg carbachol 
were on the whole similar to those observed with eserine, although paralysis 
of the tongue and jaw did not occur. Moreover, with carbachol twitching of 
the ears and convulsive shivering were more marked. When standing, the hind 
legs sometimes crossed and loss of balance resulted. Abnormal gait, in which 
the animal took shorter steps than normal, was slow in onset. About 10-12 min 
after the injection incoordination became profound, there was persistent 
muffled bleating, jerky side-to-side movements of the head and rapid twitching 
of the ears. Recovery from these changes was usually complete after about 
100 min. | | 

Nicotine hydrogen tarirate in doses of 2 mg produced transient effects. 
These were dilatation of the pupil, tremor of the head, loss of balance, ab- 
normal gait and grinding of the teeth. The hind limbs were abducted, the sheep 
crouched and fell forwards as it trotted; respiratory rate increased to about 
200/min. Recovery was complete within 30 min of the injection. 

Adrenaline and noradrenaline. Two kinds of reaction occurred with these 
drugs, first incoordination and secondly a state in which all reactions were 
slow, culminating in a sleepy, stuporous or partially anaesthetized condition. 
The hydrogen tartrates of adrenaline and noradrenaline were used and no differ- 
ence in responses was seen between the two preparations. After the injection 
of 2 mg of noradrenaline there was an increase in the respiratory rate up to 
80/min. A stilted action of the hind legs occurred within 5 min and the sheep 
stood with the hind limbs abducted. Restlessness and incoordination became 
pronounced and there were tremor of the neck, slow side-to-side movement 
of the head, slight salivation and repetitive protrusion of the lips. 

Thirty minutes after the injection the animal lay down and a period of 
apparent. stupor followed, partial anaesthesia reaching its maximum 20 min 
later. Respiration was rapid despite the animal being in a relaxed — 
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position, with ears drooping, eyes closed and repeated yawning. The sheep 
could, however, be roused and would regain its feet, but it staggered about and 
suddenly collapsed. Later, as it lay on the floor, it could be dragged about by 
its legs without offering any resistance. If the limbs were passively moved into 
unusual positions the sheep retained them in these positions for periods of up 
to 30 sec. The animal appeared to be partially anaesthetized but it could still 
be roused and placed on its feet. Knee jerks were present and pin-prick 
caused withdrawal of the limb, but auditory and visual stimuli caused little 
response. 

During the period of recovery; which lasted about 1? hr, the sheep gradually 
made attempts to rise, and walked about with the head extended. Inco- 
ordination disappeared 2} hr after the injection and the normal state was 
reached about half an hour later. 


DISCUSSION 


The usual sequence of events after the injection of eserine, DFP, neostig- 
mine, acetylcholine, carbachol and nicotine was excitement, incoordination, 
abnormal movements of the head or ears often followed by signs of cranial 
nerve paralyses. The latter signs were particularly evident after eserine and 
_ DFP and consisted of flaccid paralysis of the ears, tongue, and muscles of 
mastication, ptosis, muffled bleating and bronchial rales. There are several 
similarities with the results obtained by Feldberg & Sherwood (19545) after 
the intraventricular injection’ of eserine, DFP and acetylcholine into cats. 
Intraventricular injection of eserine and DFP in the cat, for instance, 
produced a threefold response, namely (1) signs of scratching, shaking the head 
and twitching the ears, (2) changes of gait and posture, tremor and respiratory 
embarrassment, and (3) signs of stupor and catatonia. Manifestations of 
stage (1) appear to be much the same in both sheep and cats, but in stage (2) 
the cat differs in not showing obvious signs of cranial palsies apart from respira- 
tory distress characterized by ‘wheezes suggesting glottal or bronchial 
_ obstruction’ and absence of facial movements (after acetylcholine, Feldberg & 
Sherwood, 1954a). Signs of stupor and catatonia, constituting stage (3) in 
the cat, were not observed in the sheep. 

Cranial nerve palsies in the sheep were regularly observed after eserine and 
DFP. It is possible that they also occur in the cat, but are more easily seen 
in the sheep because of the sheep’s larger facial features. As the paralyses in 
the sheep were of the flaccid type, they may have arisen from functional de- 
rangement of the lower motor neurones, that is, the cranial nerve nuclei. These 
neuronal masses in the sheep (apart from the facial nucleus) are in close 
proximity to the ventricular system (Palmer, 1958). Because of the rapid 
onset of the paralyses (within 3-10 min) it is tempting to suggest that the 
drugs affected. the nerve cell bodies rather than the efferent cranial nerves. 
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No satisfactory reason can be given for the over-excitability and inco- 
ordination that resulted from the injection of cholinomimetic agents. Fascicu- 
lation, however, was probably a central effect, as the quantities of drugs were 
too small to account for their peripheral action. Elevation of rectal tempera- 
ture and subsequent panting probably arose from increased muscular activity. 

On the whole, the intraventricular actions of eserine, DFP, neostigmine 
and acetylcholine were similar. The effects with acetylcholine could only be 
obtained with large doses (4 mg), which may indicate rapid hydrolysis by 
cholinesterase. Failure to obtain signs of cranial paralyses with either carba- 
chol or nicotine may have been due to inadequate quantities of the agents. 

Effects of the intraventricular injection of adrenaline and noradrenaline in 
the sheep were comparable to their action in the cat (Feldberg & Sherwood, 
1954a). In the cat, after an initial period of retching, licking and vomiting, 
there followed a state resembling light anaesthesia. The animals appeared to 
sleep but could be roused, and when placed on their feet were able to stand 
and take a few hesitant steps. In sheep, preliminary behaviour consisted of 
restlessness, incoordination and abnormal movement of the head, and this 
was followed by a state of partial anaesthesia. The sheep appeared to sleep, 
but could be roused with difficulty. Similar anaesthesia-like conditions can 
also be produced in the cat by the intraventricular injection of calcium chloride 
(Feldberg & Sherwood, 1957), and of magnesium chloride, urethane, chloralose 
and barbiturates (Feldberg, 1958). 


SUMMARY 


1, Cannulae were implanted permanently into the lateral ventricles of five 
sheep and the effects of intraventricular injection of drugs were studied. 

2. Eserine produced over-excitability, incoordination and abnormal move- 
ments of the head and ears, followed by paralysis of muscles innervated by 
some cranial nerves. There was elevation of rectal temperature and over- 
ventilation. | 

3. DFP caused similar manifestations to those obtained with eserine but 
the period of recovery. was longer. 

4. Neostigmine resulted in an eserine-like response followed by a prolonged 
state of over-excitability. 

5. Acetylcholine, carbachol and nicotine elicited responses similar to eserine, 
although signs of cranial nerve paralysis were usually absent. 

6. Adrenaline and noradrenaline produced restlessness and incoordination 
and later a state of partial anaesthesia. | 

This work was carried out with the aid of a Veterinary Clinical Research Fellowship awarded — 
by the Agricultural Research Council. I wish to thank Sir Charles Harington for providing 


facilities at the National Institute of Medical Research and Dr W. Feldberg for his advice and, 
encouragement. 
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The pericardial organs were first described as nerve trunks or nerve plexuses 


_ lying across the openings of the main blood vessels entering the pericardium 
— (Conant & Clark, 1896; Smith, 1947). Alexandrowicz (1953), showing that 


their central core of nerve fibres was surrounded by an outer sheath of 
branching, fine, nerve terminations, proposed the name of pericardial organ 
and suggested a neurosecretory function. This suggestion was strongly 
supported by later experiments (Alexandrowicz & Carlisle, 1953) which 
demonstrated that aqueous extracts of pericardial organs have a remarkable 
acceleratory action on some crustacean hearts. At that time the active 
principle was supposed to be an adrenaline-like substance. _ 

In an independent investigation the Floreys (1954) extracted a substance 
from the central ganglia and peripheral nerves of Crustacea which accelerated 
the crustacean heart and which was tentatively identified as 5-hydroxy- 
tryptamine (5-HT). They suggested that this might also be the active substance 
found in the pericardial organs. More recently, however, Carlisle (1956) 
failed to find 5-HT in the pericardial organs (P.O.) with paper chromato- 
graphy, and presented evidence which led him to identify the cardio-accelerator 
substance as an ortho-dihydroxytryptamine. 

This paper represents a further attempt to characterize and identify the 
active material in the pericardial organs. It includes a more detailed exami- 
nation of the action of the P.O. extract on the crustacean heart and a gross 
chemical characterization of the active principle. Our results suggest that the 
active substance, although a relatively small molecule, may not be a simple 
amine, but rather a polypeptide or, possibly, an ester. Even such general 
identification, of course, must remain tentative until further purification is 
achieved, 


* Present address: ai sceeneas of Zoology, University of Michigan, Ann Arbor, Michigan, 
U.S.A. 
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METHODS 


Extracts were made from the pericardial organs, central ganglia, and peripheral nerves of four 
species of brachyurans: Carcinus maenas (152 individuals), Cancer borealis (120 individuals), 
C. irroratus (194 individuals) and Libinia emarginata (34 individuals). Extracts from nerve tissue, 
muscle, hypodermis and blood of Homarus americanus were used as controls. 

The pericardial organs were dissected under sea water at room temperature. Very little non- 
P.O. tissue was taken, and in most instances about 80-90% of the trunks forming the P.O. was 
obtained. After a rinse in sea water and a brief blotting, the organs were weighed in groups of 
ten or more on a Roller-Smith torsion balance reading to 0-2 mg (Table 1). Thoracic ganglia 
(T.G.) and leg nerves (L.N.) were treated in a similar fashion. When several minutes elapsed 
between dissection and weighing, the tissue was frozen above dry ice. After weighing the tissue 
was dropped into the desired extraction medium. 

Several samples of P.O. and T.G. residues, after extraction with acetone and oven-drying, 
weighed 12-15%, of their fresh weight. One may assume, therefore, that the normal, unextracted 
dry tissue weight is at least 15% of the wet weights of Table 1. 


TaBiz 1. Animal and tissue weights 


i Thoracic Pericardial 
ht (g) 2 x P.O. x 10* 
Species n (mg) (mg) Body wt. 
Libinia emarginata 647 + 135 90 1-6 5-0 
Maia squinado* 1560 1 2-5 3-2 
Cancer irroratus 214432 62 53 0-54 5°5 
C. borealis 351+91 21 37 1-00 6-0 
C. 1810 1 — 4:0 4-4 
Carcinus maenas 102+19 24 — 0-54 10-5 


_ * Data from Alexandrowicz & Carlisle (1953). Values for thoracic ganglia and pericardial organ 
weights are mean values, but since two or more organs were often weighed together, standard 
deviations are not given. n represents the number of animals used in determining body weight 
only. 


Extracts were made by mincing or triturating the pericardial organs in 5-10 ml. of cold 
extraction medium (distilled water, perfusion fluid, ethanol, or acetone). ‘Boiled’ aqueous 
extracts were heated to 96-100° C in a water-bath for 5-15 min. Fluid lost by evaporation was 
replaced and undissolved material was removed by centrifugation or filtration. Acetone, ethanol 
and distilled water extracts were unsuitable for direct perfusion of the test hearts. These 
were therefore evaporated under reduced pressure and the residue redissolved in sea water or 
perfusion fluid. Extraction times varied from 3 to 4 hr at 4-8° C. Control extractions, in which 
known quantities of 5-HT were added with the tissue to the initial extraction medium and then 
recovered by chromatography, indicated that very little 5-HT was lost by the above procedures. — 

Bioassay. Hearts from the five species mentioned above were used for assay. Homarus and 
Libinia hearts appeared less sensitive to both the extracts and 5-HT, but there were no qualitative 
differences in their response to the extract as is the case between Maia and Cancer (Alexandro- 


wicz & Carlisle, 1953), and there were no observed qualitative differences between extracts made 


from the different species. Although the homologous heart was used to assay at least one extract 
from each species, for much of the work it was more practical to use Homarus hearts, which 
proved easier to prepare and gave more consistent records, Sea water was used as perfusion fluid 
in most experiments, but controls were run using the Cancer and Carcinus fluids of Pantin (1948) 
and the Homarus fluid of Cole (1941). Experiments were carried out at room temperature 
(18-21° C) in early spring and in a cold room (15-17° C) during the summer. 

The isolated hearts were perfused at constant pressure through the abdominal artery. Test 
solutions, usualiy 0-4-0-5 ml. in volume, were injected into the perfusion system by hypodermic 
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syringe a few centimetres from the heart. A certain amount of dilution occurred before the 
material reached the heart and, of course, washing out began almost immediately. These factors 
do not affect the assay or comparison of different substances on a single heart, but do prohibit 
statements about the absolute threshold for a given substance. Concentrations, where given, will 
therefore apply only to the injected solution. 

A number of hearts from the clam, Venus mercenaria, were used in conjunction with the 
crustacean hearts. These were prepared according to the procedure of Welsh & Taub (1948). 
Possible acetylcholine effects were routinely blocked with periodic applications of 10-*m benzo- 
quinonium, This substance was proved difficult to wash out of the Venus heart so treatment as in 
Fig. 3 was adequate. 


Chromatography. Ascending, one-dimensional paper chromatograms were run on Whatman 
No. 3 paper at 25°C, usually for 12-15 hr. After experimentation with n-butanol-NH, and 
n-butanol-acetic acid-water as solvents, n-butanol saturated with 0-1 N-HCl was finally selected 
and used in most experiments. Tissue extracts were prepared for chromatography by initial 
evaporation to dryness, washing with petroleum ether, and redissolution of the residue in 2 ml. 
ethanol 70% or.90% (w/v). Further evaporation concentrated the extract until no more than 
0-2 ml. of solution applied to the paper represented the desired tissue-weight equivalent. 

Fluorescence assay of 5-HT. Extracts of P.O. and T.G. tissues of Cancer borealis were made 
according to the method of Bogdanski, Pletscher, Brodie & Udenfriend (1956). The 5-HT content 
of the extracts was determined by the fluorescence method of Bowman, Caulfield & Udenfriend 
(1955) with a Farrand spectrofluorometer. 


RESULTS | 
Biological characteristics of the pericardial organ extract 

Crustacean hearts. The remarkable acceleratory action of pericardial organ 
(P.0.) extracts on the crustacean heart first described by Alexandrowicz & 
Carlisle (1953) was confirmed in the present work. In one experiment, with 
boiled aqueous extracts of tissue from Cancer borealis, the P.O. contained 
about thirty times as much active material per gram fresh weight as did 
brain, and one thousand times more than leg nerves (Fig. 2). When the P.O. 
extract is compared with the action of 5-HT (see Carlisle, 1956), however, 
certain differences are evident (Fig. 1): (1) The two substances do not always 
produce parallel effects on the frequency and amplitude of the heart beat. 
(2) The time required for the maximum effect after application often differs. 
(3) The acceleration produced by 5-HT was often followed, during washing, by 
a prolonged period of depressed activity; this was not obvious after P.O. 
extract. (4) The dose-response curve for P.O. extract was characteristically 
steeper than that of 5-HT (Table 2). These differences do not allow a close 
quantitative estimate of the activity of P.O. extract in terms of 5-HT, and 
strongly suggest that 5-HT cannot be the principal active substance in the 
extracts. Nevertheless, it was convenient to have some standard for compari- 
son of the extract concentrations, and 5-HT was the most suitable of those 
tested. The 5-HT equivalents of a number of P.O. extracts, some at varying 
dilutions, were therefore determined (Table 2). Although repeated doses of 
any one P.O. extract yielded constant results, such equivalents varied with 


extraction methods (see below) and with tissue concentration in the extract. 
15-2 
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Fig. 1. Action of 5-HT and P.O. extract of Cancer irroratus on a single isolated Homarus heart. 
Arrows indicate application of the test solution in the relative concentrations indicated. 
Absolute concentrations of the added material may be obtained by multiplying 5-HT by 
0-04 (mg/ml.) and P.O. by 4-0. In this and following records, tissue extract concentrations 
are expressed in terms of mg wet weight/ml. solution. P.O. extracts and 5-HT were applied 
alternately, beginning with lowest concentrations, i.e. P.O. 0-04; 5-HT, 0-01; P.O., 0-1, etc. 


The preparation was washed 5-10 min between tests. Records cut and rearranged to facilitate 
dose-response comparisons. 
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| P.O. 1-1 mg t Trypsin 


Fig. 2. Effect of brain (Br), pericardial organ (P.O.) and leg nerve (L.N.) extracts (boiled, aqueous) 
of Cancer borealis on isolated C. borealis heart. P.O. extract 0-15 mg/ml.; Br extract 
0-5 mg/ml.; L.N. extract 3-0 mg/ml.; 5-HT 6-7 x 10-7m solution; W, wash between tests; 
time mark, 1 min.’ 

Fig. 3. Action of 5-HT and pericardial organ (P.O.) extract of Cancer irroratus on the isolated 
Venus heart. Test solutions applied in the following sequence (concentrations refer to final 
concentration in perfusion bath): P.O. 0-44 mg/ml.; 5-HT 1-25 x 10-’m; P.O. 0-22 mg/ml.; 
5-HT 1-25 x 10-’m; 5-HT 2-5 x10-’m; 5-HT 2-5 x 10-8m; P.O. 0-089 mg/ml. M, Mytolon 
(10-*m) for 10 min. Time mark, 1 min. | | 

Fig. 4. Effect of crystalline trypsin on pericardial organ extracts and 5-HT; Homarus heart used 
for assay. P.O, extract same as that used for records of Fig. 3, 1-1 mg/ml.; 5-HT 6 x 10-°m. 
Time mark, 2 min. 


TaBLE 2. 5-HT equivalents of extracts. Typical assays with crustacean hearts 


| Extraction mg tissue 5.HT equivalent 
Species Tissue medium ml, test soln. (ug/g wet tissue) 
Cancer borealis P.O. H,0 5-0 > 3690 
H,O 2:5 ca. 7200 
H,O 1-25 140-1400 
C. irroratus P.O. H,0 3 0-27 ca. 7800 
se Wet acetone 0-32 Slightly > 660 
| _ Ethanol 0-32 ca. 6600 
Libinia emarginata — P.O. Ethanol 2+1 860-8600 
T.G. Wet acetone 104-0 1-7-17 
LN. Wet acetone 128-0 <14 


_ P.O., pericardial organ; T.G., thoracic ganglion; L.N., leg nerves. 
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Of other indole compounds examined, tryptamine produced a response 
similar to 5-HT but only at concentrations 10-100 times greater (on some 
hearts 5-HT gave a response at injected concentrations of 10-°m). Tryptophan 
and 5-hydroxytryptophan had little or no action even at high concentrations 
(10-*m). | 

Molluscan hearts. A number of P.O. extracts were tested on the clam heart 
(Venus mercenaria). The response was much less dramatic than that in the 
crustacean heart, and indeed, relatively high concentrations of extract were 
required for any effect whatsoever. The 5-HT equivalents (Fig. 3 and Table 4) 
were usually much less than those found for the same extract on the crab or 
lobster heart. As with the crustacean heart, differences were noted between 
the responses to 5-HT and P.O. extract. The time required to reach maximum 
response was greater for P.O. extract, and the dose-response curve of the 
P.O. extract was steeper than that of 5-HT. The differences found with the 
crustacean heart between acetone and aqueous P.O. extracts (see below) were 
also paralleled with the Venus heart. It seems likely, therefore, that 5-HT 
cannot account for all of the P.O. extract effects on Venus heart and that the 
same substance or substances were acting on both crab and clam preparations. 


Chemical characteristics of the pericardial organ extract 

Solubslity. P.O. extracts made with 95° ethanol or sea water were more 
active than those made with 95-100% acetone (Table 2). In one experiment, 
portions of an aqueous extract were evaporated to dryness and redissolved in 
H,0, 100% ethanol, or dry acetone. When tested on the lobster heart the 
control and aqueous test extracts gave similar acceleration ; the ethanol extract 
was only slightly less potent, but the acetone extract produced much less 
response. In another experiment a 95°% ethanol P.O. extract was evaporated 
and re-extracted with dry acetone. When tested, activity was present in the 
residue remaining after acetone extraction, but absent from the acetone extract 
itself. 

Stability. As was suggested in Methods, the active substance was not 
destroyed by heating to 96-100° C for 15-20 min in sea water at pH of 7-8. 
Activity also remained after heating for 20 min in sea water in the presence of 
0-1n-HCl, but not after heating with 0-1n-NaOH (pH 11-8). 

In spite of heat stability, the potency of unboiled sea-water extracts de- 
clined over several days at 4° C. The rate of such destruction was accelerated 
at higher temperatures, but much reduced, though not abolished, by heating 
during the extraction procedure. This seems to suggest either enzymic or 
bacterial break-down of the active principle. | 

Dialysis. Over 96% of the active principle was lost when 2-4 ml. of P.O. 
extract was dialysed for 24 hr at 4° C against 41. sea water. Control extracts 
dialysed against smaller volumes, which could be assayed, indicated that 
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the active principle passed through the dialysis membrane and was not 
destroyed. 
Digestion. Incubation of 10 ml. of P.O. extract with less than 0-1 mg of 
crystalline chymotrypsin at 37° for 1 hr destroyed all but a small residual 
activity. Treatment with trypsin (twice crystallized, salt-free) under similar 
conditions gave like results. Normal P.O. extract activity was obtained when 
undigested extracts were subsequently tested (2-3 min later). In additional 
tests at 15° C, trypsin destroyed all P.O. activity in the 30 sec required for 
mixing and applying the extract to the test heart. Similar evidence for the 
rapidity of trypsin action comes from the observation that trypsin solution 
applied to the heart 20-30 sec before P.O. extract results in a partial depres- 
sion. If, however, two or more minutes elapsed between the applications of | 
trypsin and the subsequent P.O. extract (adequate time for flushing the heart) 


TaBLE 3. 5-Hydroxytryptamine and tryptophan in tissue extracts as 
determined by paper chromatography (100% recovery assumed) 


5-HT Tryptophan 


Extraction (ug/g wet (ug/g wet 
. ‘Tissue Species and extract medium tissue) issue 
Thoracic ganglia. Tibinia emarginata-1 Ethanol < 0-07 >8 
L. emarginata-2 Acetone < 0:07 >13 
Cancer trroratus-1 Acetone < 0-07 >8 
C. irroratus-2 Acetone < 0-07 16-40 
C. trroratus-3 Acetone 27-98 
Leg nerves Iibinia emarginata-1 Ethanol < 0-05 2-49 
L. emarginata-2 Acetone < 0-05 1-5-3 
Cancer irroratus-1 Acetone < 0-05 
Pericardial organs Tibinia emarginata-1 Ethanol 0-3-2-7 < 31 
emarginata-2 Ethanol 0-841 < 9-3 
Cancer irroratus-1 Ethanol 3-2-17 30-78 


there was no effect on extract activity. Trypsin solution applied after P.O. 
extract exerted little or no effect, at most slightly hastening the return to 
normal activity. The trypsin solution itself had a slight accelerating action on 
the hearts. Above and beyond this, however, a residual activity often re- 
mained in the extracts after digestion with trypsin. This was equivalent to less 
than 10% of the effect of the normal extract, and suggested the presence of a 
trypsin-stable exciting agent. When trypsin solution was mixed (but not 
incubated) with 5-HT solutions before application, no change in the 5-HT 
response was noted (Fig. 4). 

Chromatography. Acetone, ethanol, and boiled aqueous extracts of peri- 
cardial organs and thoracic ganglia (T.G.) were chromatographed on paper. 
By using a combination of ultra-violet (U-V) fluorescence after HCl and 
Ehrlich’s reagent (a fresh mixture of 1 g p-dimethylaminobenzaldehyde, 80 ml. 
acetone and 10 ml. concentrated HCl; Smith, 1953), as little as 0-1 ug of 5-HT 
creatinine sulphate, or approximately 0-05 ug of 5-HT, could be detected. 
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Of the indoles run for comparison with extracts, 5-HT, 5-hydroxytrypto- 
phan, and bufotenine showed a cream-coloured fluorescence under U-V light. 
With Ehrlich’s reagent, these three compounds gave a blue colour which faded 
to greenish blue in the case of 5-HT and 5-hydroxytryptophan, but to purple 
or slate grey in the case of bufotenine. Tryptamine and tryptophan both 


5-HT 5-HT P.O. 


Tph 


10 


Tph 


T.G. 


~ 


~ — 


5-HT 
Tph 


102 


12:9 
mg 


666 


_ Fig. 5. Tracing of typical paper chromatogram of Cancer irroratus extracts (13 hr, 25°C). De- 
veloped with Ehrlich’s reagent; stippled areas coloured bluish or purplish with Ehrlich’s; 
areas with interrupted outline absorbed U-V light, but did not colour: see text for meaning 
of numbers beside spots. Buf, bufotenine; P.O., pericardial organ extract (ethanol); T.G., 
thoracic ganglion extract (acetone); Tpam, tryptamine; Tph, tryptophan; 5-HT, 5-hydroxy- 
tryptamine; 5-HTph, S.F., second front. 
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appeared purple or violet after treatment with Ehrlich’s reagent, but the 
colour developed more slowly with tryptophan. | 

The results and conclusions from chromatography may be summarized as 
follows (see also Fig. 5 and Table 3): | 

(1) No indication of 5-HT was found in extracts of thoracic ganglia, leg 
nerves, or blood. If present, its concentration must therefore be less than 
0-1 pg/g fresh tissue (assuming 50% loss in extraction). 

(2) A compound (1-2) tentatively identified as 5-HT from its fluorescence 
colour, colour with Ehrlich’s reagent, and R, in n-butanol-HCl was charac- 
teristically present in P.O. extracts. Table 3 gives estimates of the concen- 


tration of this material in fresh tissue. 


(3) An unidentified compound (I-1) colouring blue with Ehrlich’s reagent, — 
fluorescing bluish (unlike 5-HT) under U-V light, and with an Rj below that of 
5-HT, was present in ethanol extracts of thoracic ganglia and to a less extent 
in leg nerves. It was absent or in low concentrations in acetone extracts and 
was not found on the chromatogram reproduced as Fig. 5. 

(4) Tryptophan (I-3), but not tryptamine, was present in all tissue extracts. 
Its concentration in nervous tissue is given in Table 3. | 

(5) An ultra-violet absorbing area (A-1) was present in all extracts. It 
showed no colour with Ehrlich’s reagent, but when run in butanol—acetic acid- 
water and sprayed with KBil,, gave a colour and Ry similar to homarine 
(Welsh & Prock, 1958). 

(6) Several unidentified spots were consistently present on the chromato- 
grams. From their colour after treatment with Ehrlich’s reagent two of these 
(I-4 and I-5) react as indoles. Others were various shades of yellow which — 
faded to pink or grey (spots 1-5). In general these spots were more intense in 
extracts of thoracic ganglia than leg nerves. They were less obvious and some- 
times lacking in pericardial-organ extracts, presumably because of the smaller 
amount of tissue involved. i : 

Tasie 4, 5-Hydroxytryptamine equivalents of ethanol pericardial organ extracts. 
Comparisons of different methods 


Crustacean heart assay Venus heart assay Paper chromato- 
5-HT estimates 5-HT estimates graphy 5-HT found 
(ug/g wet tissue) (ug/g wet tissue) (ug/g wet tissue) 
60-8600 


Libinia emarginata 8 — 
Cancer irroratus -1 1700-3200 32-160 3-2-17 
C. irroratus -2 660-6600 66-66 


In two experiments, portions of the same extract were assayed for 5-HT- 
like activity by using the crustacean heart or the Venus heart, and an addi- 
tional portion was chromatographed. Table 4 summarizes the inconsistencies 
_ in the estimates of 5-HT equivalents that were obtained. 

Fluorescence spectra. After the completion of the work thus far reported ; 
one of us (J. H. W.) had the opportunity to determine the 5-HT content of 
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nervous tissues of Cancer borealis, using the spectrofluorometric method. The 
results are given in Table 5. It will be seen that the values for pericardial 
organs fall within the range of values obtained for Labinia and Cancer wrroratus 
by chromatographic procedures. In two lots of thoracic ganglia of C. borealis 
the 5-HT content was found to be 0-02 ug/g tissue. In one lot of supra- 
oesophageal ganglia the 5-HT content was 0-08 yg/g tissue. 


ead 5. 5-Hydroxytryptamine content of nervous tissues of Cancer borealis 
determined by the spectrofluorometric method 


5-HT 
No. of Total wt. Av. wt. (ug/g wet 
Expt. Tissue animals (g) (mg) tissue) 
A P.O. 16 0-061 1-9 3-2 
B P.O. ee | 0-079 3-3* 2-6 
T.G. 8 1-36 150 0-02 
C P.O. 12 0-043 1-8 4-0 
T.G. 7 215 ° 310t 0-02 
Supra-oesophageal ganglia 10 0-140 14 0-08 


* Some tissue other than P.O. probably included. 
+ With longer nerves than in B. 


_ The identification of 5-HT in the P.O. of the crabs used in this study seems 
reasonably certain. The amount of 5-HT, however, does not account for the 
intense physiological action of P.O. extracts on the crustacean heart. Another 


substance with similar siesta action but differing et from 5-HT 
is also present. 


DISCUSSION 


In view of the work of Alexandrowicz & Carlisle (1953) and of the Floreys 
(1954), this investigation was begun with the expectation of identifying 5-HT 
as the principal cardioregulator substance of the pericardial organs. The 
results, however, indicate otherwise for the following reasons: (1) The response 
pattern of the crustacean heart to the extract is qualitatively unlike that to 
_ 5-HT. (2) Bioassays with different test preparations (crustacean and molluscan 
hearts) give widely divergent 5-HT equivalents for the same extract. (3) Al- 
though the principal indole alkylamine of the crustacean nervous system, as 
determined by chromatographic and spectrofluorometric procedures, is 
apparently 5-HT, the amount present in P.O. is not sufficient to account for 
the activity found in the extracts. (4) Most important, trypsin destroys the 
activity of the P.O. extract but not that of 5-HT. These findings suggest that 
although the pericardial organs contain a known cardioregulator (5-HT) in 
relatively high concentrations, the major effects of the extracts examined 
in this study are not due to 5-HT, but to some additional, more potent, 
and as yet unidentified principle or principles. Since more than one type of 
_ neurone contributes to the pericardial organs, the two substances might serve 
essentially independent functions in the crab. 
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The exact nature of the major active principle of the P.O. remains obscure. 
It may be characterized as a relatively small, heat-stable molecule, which is 
resistant to acid (0:1n-HCl) but destroyed by alkaline (0-1N-NaOH) hydro- 
lysis. Its activity is destroyed by trypsin and chymotrypsin, which suggests 
the presence of peptide, or possibly ester, linkage. Certainly the molecule 
differs from 5-H7T, whose activity was not affected by these enzymes. 

The rapidity of the trypsin action raises the question whether the enzyme 
destroyed activity by splitting the active principle or by merely combining 
with it; and if by combining, whether or not the protein-P.O. material complex 
is specific. These questions cannot be answered by the present experiments, 
but several arguments indicate that a specific protein-P.O. material complex is 
reasonable. First, the concentration of the active material was probably small— 
recent estimates (J. H. W.) would place the threshold concentrations near 
10-! g/ml.—and the enzyme concentrations were large, so the rapid trypsin 
action could be expected. Secondly, protein-P.O. material complexes did not 
seem to form in the crude extracts—compare boiled and unboiled extracts— 
so that the P.O. material must form a complex with specific proteins. Thirdly a 
number of polypeptides act as trypsin-blocking agents without being destroyed 


_ themselves. Such blocking action must result from specific complexes with the 


enzyme. Considering these arguments the active principle from the pericardial 
organs may be tentatively identified as a polypeptide, perhaps similar to the 
class of polypeptides which act on smooth muscle (Gaddum, 1955). Certain of 
the crustacean neurohormones that regulate colour changes also have pro- 
perties that have led to the suggestion that they may be polypeptides 
(Knowles, Carlisle & Dupont-Raabe, 1955; Edman, Fange & Ostlund, 1958). 

The point of action of the P.O. extract on the neurogenic heart was not 
definitely determined. Since beat frequency was often increased, or the pattern 
of the single beat changed, the activity of the cardiac ganglion neurones was 
certainly modified (cf. Maynard, 1955). More recent work with the isolated 


_ ganglion confirms this conclusion. Whether or not the cardiac muscle or the | 


neuromuscular junctions were also affected could not be decided. The fact 
that 5-HT and P.O. extract often changed the beat pattern in different ways, 
and that this did not appear related to the concentration of the active 
material, is very suggestive that neurones in the ganglion were being affected 
differentially. 
Work on the functions of the pericardial organs is still in a preliminary stage. 
Although the locus of the organs is ideal for releasing substances to act on the 
heart, it is also one of the best for releasing substances into the blood stream 
for rapid and complete circulation through the entire body. All blood must 
pass over the P.O. before entering the heart and passing into the arteries. 
There is no reason to suppose, therefore, that cardiac regulation is the sole 
function of the pericardial organs. They might well be analogous to the 
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adrenal medulla of the vertebrate, and affect the general activity state. Parrot 
(1941) has in fact shown that some substance liberated in the heart or peri- 
cardium has marked exciting action on the isolated gut of the crab. In this 
connexion histological examination (to be reported elsewhere) suggests a cor- 
relation between the amount of presumed secretory material in the P.O. and 
the physiological activity of a species (see Table 1). It would be interesting to 
know whether this apparent correlation has functional significance. Large 
variations in the relative fullness and opaqueness of the pericardial organs, 
which presumably indicate their neurosecretory content, were observed in the 
course of the extraction procedures. The possibility of a cyclic secretion is 
therefore suggested. 

In a preliminary attempt to find other functions of the P.O. extract, its 
activity as a chromatophore-activating hormone was examined by using the 
melanophores of isolated Uca legs. No response of melanophores was seen in 


several experiments, although they readily responded to control eye-stalk 
extracts. 


SUMMARY 


1. Extracts of crab pericardial organs were assayed on molluscan and 
crustacean hearts, chromatographed on paper, and examined with the spectro- 
fluorometer, A principle having marked cardio-excitor action was present in 


the pericardial organ extracts. Comparable ganglion and leg nerve extracts 


were less potent. 

2. The active principle of the crude extracts could be distinguished from 
5-HT and several other indole amines. It was: (a) soluble in ethanol and water, 
but relatively insoluble in dry acetone, (b) heat stable at neutral and low pH, 
(c) hydrolysed at a high pH, (d) dialysable and (e) inactivated by trypsin and 
chymotrypsin. On the basis of this last observation the pericardial organ 
principle is tentatively identified as a polypeptide. 

3. Extracts analysed by paper chromatography and the spectrofluorometric 


method indicated: (a) an indole in pericardial organs having characteristics 


similar to 5-HT in estimated concentrations of 1-10 ug/g fresh tissue, (5) little 
or no 5-HT but an unidentified indole having a bluish fluorescence under 


U-YV light in extracts of thoracic ganglia and leg nerves, and (c) homarine and 
tryptophan in all extracts. 


We wish to thank Dr R. K. Richards of Abbott Research Laboratories for samples of 5-HT- 
creatinine sulphate, Dr M. L. Speeter of the Upjohn Company for bufotenine, and Dr A. M. Lands 
of the Sterling-Winthrop Research Institution for ‘Mytolon’. The work reported here was sup- 
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ADRENALINE RELEASE DURING INSULIN HYPOGLYCAEMIA 
IN THE RABBIT 


By J, ARMIN anp R. T. GRANT 
_ From the Department of Experimental Medicine, Guy’s Hospital, 
3 London, S.E. 1 


(Received 1 May 1959) 


Since the work of Cannon, McIver & Bliss (1924), it has been generally accepted 
that during insulin hypoglycaemia adrenaline is reflexly released from the 
adrenal glands when blood sugar falls below a certain critical level and that the 
effect of this release is to restore low blood sugar towards normal levels. 
Recently, however, other views have been put forward. Thus, Dunér (1953, 
1954) finds that an inverse proportion exists between the level of blood sugar 
and adrenaline secretion; a rise of blood sugar decreases whereas a fall increases 
the output of adrenaline from the glands. According to Weil-Malherbe & 
Bone (1954) the blood concentration of adrenaline falls after insulin has been 
given. Further, the observations of Simeone & Vavoudes (1948) and others 
suggest that adrenaline, in man at least, is not responsible for the restoration 
of the normal level of circulating glucose after insulin hypoglycaemia. Our 
observations on the rabbit, now reported, bring new evidence to show that 
‘adrenaline’ is released and to support the hypothesis of a critical level. They 
show also that while ‘adrenaline’ release usually mitigates the fall of blood 
sugar it is not the only factor involved in restoring the normal level of blood 
glucose after insulin hypoglycaemia. 


METHODS 


Details of the methods have already been published (Grant, 1935; Armin & Grant, 1953, 1955, 
1957, 6). Briefly the indicator for the presence of adrenaline or other constrictor substance in the 
circulating blood of the rabbit receiving insulin is vasoconstriction in its denervated or sympa- 
thectomized ear. The constriction is detected and its degree assessed both by naked eye examina- 
tion of the depilated ear (transmitted daylight) and by ear temperature (copper-constantan 
thermocouple). The concentration of the constrictor substance in the blood is assayed by injecting 
' 0-1 ml. blood or plasma into the central artery of the denervated ear of another rabbit and com- 
paring the constrictor effect with that of adrenaline in known concentration. Special precautions 
are taken to prevent the release of 5-hydroxytryptamine during the separation of plasma (Armin & 
Grant, 19574). Heparin is the anticoagulant used. The rate of release of the constrictor substance 
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| into the circulation is assayed by determining a few days later the rate of adrenaline infusion 
: required to reproduce the constriction brought about by the insulin injection. 

Rabbits with half or three-quarter lop ears are used. One ear is denervated at least a week 
| beforehand by excising the superior cervical ganglion and portions of the great and posterior 
auricular nerves. Since the rabbit is apt to eat the distal part of an insensitive ear if this is long 
enough to come within reach of its mouth, in animals with long ears the sensory supply is left intact 
and the sympathetic supply removed by excising both superior cervical and stellate ganglia. 
Sympathectomized vessels are as sensitive to constrictor substances as are those denervated 
(Armin, Grant, Thompson. & Tickner, 1953). In what follows, the term ‘denervated’ vessels 
4, includes also those deprived of their sympathetic supply alone. 
| The rabbits are fed on pellets (Diet 8.G. 1, E. Dixon and Co.; protein carbohydrate ratio 1:3 
approximately) with the addition of 6-8 oz. (0-17-0-23 kg) cabbage daily and with water always 
available. Observations are almost always begun between 9 and 10 a.m. and last 2-3 hr. Food is 
withdrawn 16-18 hr previously. 

Conscious animals are restrained by the box previously described (Armin & Grant, 19575). 
1 Light anaesthesia and prolonged quietude are attained by the subcutaneous injection of pheno- 
) barbital sodium 1—1-25 ml./kg 10% (w/v) followed about 1 hr later by the intravenous injection of 
pentobarbital sodium 0-25 ml./kg. Any dissection required for the insertion of catheters is carried 
out under local procaine anaesthesia. In the conscious animal the vessels used for catheterization 
are the central artery and marginal vein of the ear; in the anaesthetized animal, usually the femoral 
artery and vein, sometimes the carotid artery and the jugular vein. When required, arterial blood 
pressure and pulse are measured by mercury or capacitance manometer (Armin & Grant, 1957) 
and respiration rate by means of a waistcoat (Armir. & Grant, 1951). 

The insulin (AB insulin, British Drug Houses or Parke, Davis) is injected intravenously in doses 
of either 0-5, 1 or 3 units per rabbit, the volume for injection being made up to 0-5 or i ml. with 
0-9% NaCl solution. 

Blood glucose is estimated by a modification (Wright, 1957) of the method described by King 
(1951). Arterial blood samples of 0-2 ml. are taken as described by Armin & Grant (19575) at 
5 min intervals throughout the observation, insulin being injected between the third and fourth 
samples, It is estimated that the blood glucose levels determined by this method are correct to the 
nearest 2 mg/100 ml. (s.p. = 2-2 mg/100 ml.). 
| To prevent the release of adrenaline from the adrenal glands several procedures are adopted. In | 
: some animals both glands are denervated by excising portions of the nerves going to them, care ; 

being taken not to interfere with the blood supply to the glands. In others, the right gland is 
| denervated and the left excised. In others again, both glands are excised at a one-stage operation 
(Armin & Grant, 1955). Animals deprived of both glands are given 10 mg cortisone acetate intra- 
muscularly at operation and subsequently either 0-5 mg DOCA or 1-25 mg cortisone acetate, daily 
or every other day; they are examined after death for completeness of adrenal removal. 

All observations are carried out on a table the temperature of which can be controlled ; heating is 
adjusted to keep rectal temperature nearly constant. Since denervated ear temperature in the 
undisturbed conscious or anaesthetized animal remains parallel to, and from 2 to 4° C below, rectal 
temperature, rectal temperature is not usually shown in the figures and ear temperature is adjusted 
a few tenths of a degree highier or lower to allow for the departure of rectal temperature from the 
initial level. Further to simplify the figures, ear temperature, though measured every, minute, is 
' charted for only every 5 min except where the beginning of a rise or fall requires to be noted. 


RESULTS 
Level of arterial blood glucose in control animals 


Under our conditions the mean value of the initial level of arterial blood 
glucose in the conscious fasting animal is 88 mg/100 ml. (s.p. = 10 mg/100 ml.); 
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individual values range from 72 to 119 mg/100 ml. Under light anaesthesia, 
the mean value is 83 mg/100 ml. (s.p. = 11 mg/100 ml.) and the range from | \ 
68 to 108. In control observations on both conscious and anaesthetized 
animals blood glucose usually remains about its initial level for the next 2 hr. 
If, however, the initial values are near the upper or lower limits of the range, 
they tend to fall or rise towards the mean value. 


Hypoglycaemic response to insulin } 
Blood glucose concentration begins to fall within 5 min after the insulin | 
injection. The rate and degree of fall vary considerably, even in the same 
animal on successive occasions. Usually, however, independently of the dose, 
the fall continues steeply for 20-30 min but is checked when the level has 
fallen to between 40 and 60 mg. After the fall caused by 0-5 u. insulin, blood 
glucose then rises gradually, often with one or more fluctuations, towards the f 
initial level, which is regained after about 2hr. After 3 u. the level may or may 
not fall about 10 mg lower than with the smaller dose, but it remains low 
longer and the initial level is not reached until after 2 hr. 


General effects of insulin administration - 

Except for vasoconstriction in the denervated ear, which is described below, 
we have detected few signs of disturbance after the insulin injection. In the 
conscious animal a moderate tachycardia (e.g. pulse rate rising from 250 to 
300 beats/min) develops with the onset of the constriction, but there is little or 
‘no rise of mean blood pressure. In the anaesthetized animal both pulse rate 
and blood pressure may remain unchanged or blood pressure may fall 10- 
20 mm Hg with the fall of blood sugar, and rise again later as blood sugar 
recovers. The pulse rate rises and falls with the blood pressure. The normal ear 
vessels remain constricted or dilated according to whether body temperature 
is relatively low or high, or dilate or constrict as the rabbit becomes warmer or — 
cooler (Grant, 1935). No convulsive attacks occurred in the animals with 
intact adrenal glands; an occasional rabbit has become either unduly restless 
or sleepy about half to one hour after the nee of insalin, the time when 
blood sugar is at its lowest. 


Effect of insulin on the denervated ear vessels 

_ The constriction is like that due to adrenaline in that it affects vessels of all 

calibres. Its course and degree are variable and unpredictable in different 
rabbits and even in the same rabbit in response to the same dose of insulin on 
successive occasions. The injection of insulin does not provoke any immediate 
change in the denervated vessels but they almost always begin to contract 
about 15 min later (range, 5-25 min). Usually constriction progresses rapidly 
to reach a moderate degree, ear temperature falling steeply to 5 or 10° C below 
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its initial level (Fig. 1). Constriction may be more gradual and the fall of ear 
temperature slower (Fig. 3). Sometimes constriction is only slight, ear tem- 
perature falling no more than 1 or 2° C; rarely it fails entirely. Exceptionally, 
on the other hand, constriction becomes gross; the ear pales greatly, as it does 
after a large haemorrhage, while its temperature falls to near that of the room 
(Fig. 2). | 


Denervated 
ear temperature 


Temperature (°C) 


¢ 


a. 


S 60 \ Arterial 

blood glucose 


o 


Insulin 
40 0.5 unit a, 


-0 


Minutes 


Fig. 1. Rabbit, 2-6 kg, conscious; 0-5 u. insulin. Denervated ear temperature and arterial blood 
glucose (a) before and (6) 8 days after excision of left adrenal gland and denervation of right. 


Constriction may persist unchanged until the insulin effect begins to pass off, 
that is, about an hour after 0-5 u. and several hours after 3 u. Often, however, 
the constriction is interrupted by one or more periods of rapid and more or less 
complete relaxation (Figs. 1, 3). The first begins between 10 and 20 min after 
the onset of constriction and lasts 5 or 10 min, during which time ear tempera- 
ture rises steeply and may reach its initial level before falling again as con- 
striction returns, The final relaxation may be rapid or gradual and interrupted. 
Constriction may be associated with a fall of mean blood pressure but this 
fall does not seem to be responsible for either the constriction or the fall of 
temperature. Thus, both occur although blood pressure does not fall; they may 
persist although blood pressure rises, and they may pass off although blood 
pressure remains low. Figure 7 shows a blood-pressure fall of at least 20 mm Hg 
16 PHYSIO. CXLIX 
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without material lowering of ear temperature. Again, blood transferred from 
the rabbit receiving insulin to the denervated ear of another rabbit does not fail | 
to cause constriction when the denervated vessels of the donor rabbit are con- 
stricted. Moreover, transfers show that the rate and degree of ear cooling in 
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Fig. 2. Rabbit, 2-3 kg, anaesthetized; 1 u. insulin. Denervated ear. temperature and arterial 
blood glucose (a) before and (6) 5 days after excision of left adrenal gland and denervation of 
right. On second occasion periodic respiration developed and 3 min later 0-75 g glucose was — 


injected 1.v. 
the donor animal indicate the rate of change of blood constrictor activity. Thus, 
a gradual fall of ear temperature is associated with a gradually increasing con- 
strictor activity in the transferred blood, and a rapid fall with a rapid increase. 
_ A steady level of reduced temperature is associated with a maintained degree 
of constrictor activity. So also a more or less rapid warming of the ear indicates 
more or less rapid decrease of constrictor activity. The time of temperature 
_ change follows closely the change of constrictor activity; the delay betwéen an 
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increase or reduction as shown by transfers and the corresponding changes of 
ear temperature is no more than about 1 min. The adrenaline equivalent of the 
ear constriction during the insulin reaction is usually about 0-1yg/I. but it is 
sometimes nearer 1-Oyg/l. The rapid intravenous injection of sufficient glucose 
to restore arterial glucose to normal is followed by a rapid return of ear tem- 
perature and of blood constrictor activity to initial levels. Control observa- 
tions show that glucose given during an adrenaline infusion does not alter the 
constrictor activity of the blood or raise ear temperature. 
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Fig. 3. Rabbit, 2-1 kg, anaesthetized; 3 u. insulin. Denervated ear temperature and arterial blood 
glucose (a) before and (b) 4 days after excision of left adrenal gland and denervation of right; 
periodic respiration developed and glucose injected 1.v. (c) 13 days after operation with addi- 
tion of adrenaline adjusted to match the ear temperature of (a) for 1} hr after insulin. Rate of 
infusion ranged from 0-06 to 0-27 g/kg/min; total infusion 32yg. 


This relationship between ear temperature and constrictor activity of the 
blood provoked by. the injection of insulin is the same as that existing between 
ear temperature and the constrictor activity of the blood caused by the 
intravenous infusion of adrenaline. A change in the rate of infusion is followed 
within a minute by a change of constrictor activity and of ear temperature. 
Moreover, when in the same rabbit on a subsequent occasion the adrenaline 
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infusion is adjusted to give approximately the same temperature change as 
that previously caused by insulin, then the constrictor activity of the blood 
is much the same on the two occasions. 


Rate of release of constrictor substance in response to insulin 


It seems, therefore, that an adrenaline-like substance (or substances) is | 


released into the blood stream during the insulin reaction and that we may 
justifiably use the results of adrenaline infusion to assay its rate of release. 
Figure 5 shows the temperature-lowering effect on the denervated ear of dif- 
ferent rates of adrenaline infusion in a series of 40 rabbits. The effect varies con- 
siderably. Thus, while an infusion of 0-2ug/kg/min usually causes a fall of 
between 6 and 7° C, the fall may be no more than 3-5 or as much as 12° C. This 
is in keeping with the considerable variation in constrictor response provoked 
in different animals by injection of adrenaline or other constrictor substance 
into the artery of the denervated ear. In the individual rabbit, however, the 
responses on successive occasions are much the same. We have not detected 
any significant difference between the effects of infusions given to conscious or 
anaesthetized animals or between rabbits with adrenal glands intact, denerva- 


ted or lacking. The rate of infusion usually required to cause a just appreciable © 
fall of temperature (about 0-5° C) is about 0-006ug/kg/min. An infusion of 


0-8u.g/kg/min causes gross constriction with blanching of the ear and brings 
ear temperature near to that of the room; any further increase in the rate 
causes little or no further cooling. On this basis, Fig. 2 indicates the release of 
constrictor substance beginning about 15 min after insulin injection, rapidly 
rising to a sustained level and followed at about 14 hr by a rapid return towards 
the resting level. The temperature fluctuations of Fig. 3 mean successive 
fluctuations in the rate of release. 

We may say, then, that denervated ear temperature can be used to follow 
from minute to minute the release of constrictor substance into the circulation. 
The fall of ear temperature from its initial level indicates to within about 1 min 
the detectable beginning of increased release of constrictor. The rate of fall of 
ear temperature indicates the rate at which the release is increased, and a 
steady level of temperature connotes a steady rate of release. A rise of tem- 
perature denotes a decrease in output, and a return of ear temperature to its 
initial level means that the rate of release has returned to its resting level. We 
cannot by our methods measure the resting level but it must be small. Evi- 
dence for this is the negligible constrictor activity of resting blood on transfer, 
less than 0-01 yg adrenaline/l., and the very ‘small rate of adrenaline infusion, 
0-006,.g/kg/min, required to cause a just appreciable fall of ear temperature. 
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Fig. 4. Rabbit, 2-4 kg, conscious; 3 u. insulin and intermittent glucose infusion I.v. at rate of 3-2 
6-8 and 6-2 mg/kg/min. Denervated ear temperature and arterial blood glucose. 
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Fig. 5. Range and mean value of fall of denervated ear temperature caused by various rates of 


adrenaline 1.v. infusion. Summary of observations on 40 rabbits. 
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The level of blood glucose and constrictor substance release 


Constriction of the denervated vessels does not begin until blood glucose 
level falls below a critical level of about 70 mg/100 ml.; the actual level varies 
in different animals. Thus, Figs. 1 and 4 show that in two conscious rabbits ear 
temperature begins to fall when blood sugar has reached about 70 mg (Fig. 1) 
and about 50 mg/100 ml. (Fig. 4). In two anaesthetized rabbits the levels are 
about 55 in Figs. 2 and 3. The fall of temperature continues with the fall of 
blood sugar and if this goes below about 40 mg, ear temperature comes to lie 
near that of the room, e.g. Fig. 2. When blood sugar returns to within 10 mg 
below the level at which constriction began, ear temperature begins to rise, 
and Figs, 1 and 3 show that fluctuations in the level of blood sugar within this 
10 mg zone are associated with more or less corresponding fluctuations of ear 
temperature. When, towards the end of the insulin reaction, blood sugar rises 


to about the critical level, the constriction comes to an end and ear temperature 


remains at about its initial level; Fig. 1 exemplifies this. On occasion, on 
the one hand constrictor substance may be released ata higher level of blood 
glucose, for example between 80 and 85 mg: on the other hand, release may 
not take place even though blood gincose falls to a low level, for example to 


below 30 mg/100 ml. 


These observations on the spontaneous changes of blood sugar during the 
insulin reaction are borne out by others in which the fall of blood sugar is 
modified by infusions of glucose. Figure 4 illustrates a series of seven experi- 
ments, all with the same general result. In this example constriction began 
when blood sugar fell to about 50 mg, and continued as it fell lower. With each 
of the three infusions ear temperature began to rise when blood sugar reached 
about 40 mg. The first infusion raised blood sugar to only about 43 mg/100 ml. ; 
the rise of ear temperature was slight and transient. With the second and third 
infusions, blood sugar was raised to just over 50 mg/100 ml. and on each 
occasion ear temperature rose rapidly to near the initial level. As blood sugar 
again fell below 50 mg/100 ml. ear temperature also fell. In six of these 
experiments the critical range seemed to be between 40 and 50 and in the 
remaining one between 50 and 60 mg/100 ml. At any time constrictor-sub- 
stance release can be abruptly reduced to resting level by the intravenous 
injection of an adequate dose of glucose. 

_ The release of constrictor substance usually occurs during the steep fall in 


_ blood sugar, and since constrictor substance is adrenaline-like it might well be 


responsible for the check to the fall and the subsequent slow rise. According to 
Laurence & Stacey (1952) hexamethonium (a ganglion-blocking agent which 
inhibits release of adrenaline) given along with insulin intensifies the hypo- 
glycaemic effect in rabbits. We find, similarly, that hexamethonium, given 
during the course of insulin hypoglycaemia when the denervated ear vessels are 
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constricted and the fall of blood sugar has been checked, relaxes the vessels and 
provokes a renewed steep fall of blood sugar, for example from 50 to 20 mg/ 
100 ml. This fall of blood sugar can be prevented by adrenaline infusion. 
Hexamethonium bromide in doses up to 20 mg/kg (not preceded by insulin), 
though relaxing normal ear vessels if these are constricted by sympathetic 
nerve activity, does not relax denervated ear vessels constricted by adrenaline 
infusion and does not alter-blood sugar. 

_ However, instances occur in which the steep fall of blood sugar after insulin 


injection is checked before constrictor substance is released. For example, in 


one anaesthetized rabbit given an infusion of insulin at the rate of 0-12 u./kg/ 
hr, blood sugar fell steeply from 95 to about 55 mg/100 ml., at which level the 
fall was checked 5 min before the ear temperature began to fall. Other instances 
occur in which there is no indication of release although blood sugar falls below 
the critical level. For example, in one anaesthetized rabbit given 3 u. insulin 
blood sugar fell in 20 min from 70 to 40 mg/100 ml. and remained at that level 
for half an hour without a fall in the temperature of the denervated ear. These 
instances indicate that, on occasion at least, some factor other than release of 
constrictor substance controls the fall of blood sugar. 


Effects of adrenal denervation and adrenalectomy 

After bilateral adrenal denervation or excision of one gland and denervation 
of the other the animals remain well. Fasting blood sugar is not significantly 
lower than in the intact rabbit. These operations usually intensify both the 
degree and duration of the hypoglycaemia. So long as blood glucose remains 
above about 30 mg/100 ml., the denervated ear vessels do not become con- 
stricted (Fig. 1). Often, however, after 3 u., and sometimes after only 0-5 u. 
insulin, blood sugar falls to very low levels and may become unmeasurable. 


The rate of fall remains about the same as in the intact animal. Constric- 


tion of the denervated vessels, considerably delayed as compared with 
that in the intact animal, usually begins about half an hour after insulin 
injection, when blood sugar has fallen to between 20 and 30 mg, but may be 


postponed for an hour until blood glucose is below about 10 mg/100 ml. The 


constriction is often gradual for a time but may be rapid from the start 
(Fig. 7). 

In the conscious animal convulsive struggles are liable to develop when blood 
glucose is below about 10 mg/100 ml. These render further detailed observa- 
tion hardly feasible; moreover, struggling, by itself, suffices to provoke ear 
constriction (Grant, 1935). The injection of glucose immediately quietens the . 
animal and relieves the constriction. In the anaesthetized animal, convulsive 
movements remain in abeyance, but after a period of gradual increase in rate of 
respiration (not due to a rising body temperature) periodic respiration of the 
Cheyne-Stokes type develops. During the periods of apnoea lasting for }~2 min 
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the blood becomes deeply cyanosed, blood pressure falls and the pulse slows. 
With returning respirations, the blood quickly becomes arterial in colour and 
blood pressure and pulse rate rise. The ear constriction persists and intensifies 
(Fig. 7). During the constriction blood sugar may or may not rise slightly and © 
transiently (Fig. 7). In only one instance (illustrated in Fig. 3) have-we seen a 
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Fig. 6. Rabbit, 2-4 kg, anaesthetized; 1 u. insulin. Denervated ear temperature and arterial blood 
| glucose. (a) Intact animal; (b) 26 days after excision of left and “denervation of right adrenal 
gland; (c) 15 days after (b) with addition of adrenaline infusion to match the changes of 
ear temperature as in (a). Infusion rates ranged from about _0-02 to 0-06ug/kg/min; total 
infusion 5-5yg. 
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greater rise, and then periodic respiration did not occur. Administration of 
oxygen through a mask quickly abolishes the cyanosis and the periodic — 
respiration. The blood continues a bright arterial colour though apnoea persists. 
Blood sugar remains low and the constriction of the ear vessels continues until 
the reaction is brought to an end, either by death or by the intravenous injec- 
tion of glucose. With the cooling of the ear, constrictor activity of the blood, as 
shown by transfers to the denervated ear of another rabbit, increases and 
reaches a maximum, commonly about 0-1/1. Further, when the constriction 
has been allowed to persist for some time, then in contrast to what happens in 
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the intact animal, constrictor activity and ear temperature are slower in return- 
ing to their initial levels after the injection of glucose. 

These effects of adrenal denervation can be prevented by the infusion of 
adrenaline at a rate sufficient to reproduce the ear-temperature curve of the 
intact animal (see Figs. 3 and 6). Undue hypoglycaemia, convulsions and 


periodic respirations do not develop and the blood-sugar curve remains like 
that of the intact animal. 
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Fig. 7. Rabbit, 1-6 kg, anaesthetized; 3 u. insulin 2 days after bilateral adrenal denervation. 
Rectal and sympathectomized ear temperature and arterial blood glucose; mean blood pres- 
sure, pulse and respiration rates. Periodic respiration developed; 1-25 g glucose injected I.v. 


Sometimes, however, after adrenal denervation, insulin causes no greater or 
longer-lasting fall of blood sugar than in the intact animal, although no con- 
striction occurs in the denervated ear to indicate release of constrictor sub- 
stance. In such instances infusion of adrenaline at a rate sufficient to reproduce 
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the ear vasoconstriction of the intact animal makes but little difference to the 
-blood-sugar curve. 

In the rabbit deprived of both adrenal glands the hypoglycaemic effect of 
insulin depends on the treatment given after operation. When the animal is 
maintained on DOCA, fasting blood sugar tends to be a little lower and 
insulin to provoke a greater and longer-lasting fall of blood sugar than in the 
intact state. In the cortisone-treated animal, on the other hand, fasting blood 
sugar tends to be a little higher and the hypoglycaemic effect of insulin to be 
reduced. These points are shown in Fig. 8, which illustrates the effects of DOCA 
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Fig. 8. Rabbit, 2-1 kg, anaesthetized; 3 u. insulin. Arterial blood glucose. (a) Intact animal before 
bilateral adrenalectomy after operation; maintained on cortisone until 9th day when similar 
blood glucose curve obtained; DOCA substituted until 17th day when curve (6) obtained. 
Cortisone then replaced and curve (c) obtained on 32nd day. 


and cortisone in the same animal. Three days before the operation of bilateral 
adrenalectomy, 3 u. insulin provoked the hypoglycaemia of curve a which was 
accompanied by a strong vasoconstriction of the denervated ear, causing a 
cooling like that of Fig. 3. For 8 days after operation the rabbit was maintained 
on cortisone. On the 9th day insulin provoked a hypoglycaemia much like 
that in the intact animal, but with quicker recovery and without causing con- 
striction in the denervated ear. DOCA was then substituted for cortisone, and 
on the 17th day after operation insulin caused the hypoglycaemia shown in 


curve b; this provoked periodic respiration and constriction in the denervated — 


ear like that of Fig. 7 and necessitated the injection of glucose for recovery. 
DOCA was then stopped and cortisone again given. Curve c shows the effect 
of insulin on blood sugar at 32 days after operation. The relatively mild hypo- 
glycaemia was not accompanied by vasoconstriction in the denervated ear. 
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Responses of normal ear vessels 
One further point remains to be noted. It has been seen that in the intact 
animal the normal ear vessels show no particular change associated with the 


hypoglycaemia. But in the rabbit lacking adrenal glands, or with these 
glands denervated, the normal ear vessels respond to the hypoglycaemia by 
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Fig. 9. Rabbit, 1-5 kg, 0-5 u. insulin 30 days after excision of left adrenal gland and denervation of 
right. Temperature of rectum, denervated and normal ears. Convulsion at 42 min; 0-15 g 
glucose injected 1.v. at 45 min. 


vasodilatation, as is exemplified by Fig. 9. In this instance, soon after dener- 
vated ear temperature began to fall a convulsion developed; glucose was 
- injected and the reaction brought to an end. Blood sugar was not measured 
but must have fallen to about 10 mg/100 ml. The dilatation of the normal ear 
vessels began before the constriction in the denervated ear and took place 
although rectal temperature fell. With the injection of glucose, the normal ear 
vessels again became constricted while the denervated vessels relaxed. 


The nature of the constrictor substance | 
The foregoing observations suggest that, in the intact animal, adrenaline 
from the adrenal glands is largely responsible for the constrictor activity 
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appearing in the circulating blood during hypoglycaemia. The adrenaline 
equivalent of this activity as assayed on the denervated ear of another rabbit 
ranges from 0-1 to 1-Oyug/l. On three occasions on which the adrenaline 
equivalent of blood and the plasma separated from it was about 1-Oyg/l. we 
tested the plasma also on the rat’s uterus sensitized to adrenaline by dibenyline 
(Holzbauer & Vogt, 1954). The lowest concentration of adrenaline causing a 
distinct inhibition of the carbachol contraction of the uterus was 0-1yg/I. in 
two and 1-Oyg/l. in the third. However, in none did the plasma cause either 
inhibition or augmentation of the carbachol contraction; but when adrenaline 
was added to the plasma to give these concentrations then the mixtures caused 
inhibitions like those of adrenaline alone. Because of the difficulties in 
detecting adrenaline in low concentration in plasma we do not regard this 
failure as necessarily indicating that the substance is not adrenaline. We have 
similarly failed with the rat’s uterus to provide further information about 
the nature of the substance released into the blood stream in the adrenal 
denervated or adrenalectomized animal. 


DISCUSSION 


Denervated structures in various animals have been used by other workers to 
indicate ‘adrenaline’ release during insulin hypoglycaemia; for example the 
cat’s heart (Cannon et al. 1924), the rabbit’s pupil (Abé, 1924) and ear (Free- 
man, Smithwick & White, 1934) and the human limb (Freeman e¢ al. 1934; All- 
wood, Ginsburg & Paton, 1957). We have shown, however, that the rabbit’s ear, 
deprived of its sympathetic or both sensory and sympathetic nerves, is particu- 
larly suitable for this purpose, since not only the calibre of its vessels but also its 
_ skin temperature respond quickly to changes in the constrictor activity of the 
circulating blood. We have previously shown that reduced mean blood pressure 
plays little part in the constriction of the ear vessels associated with haemor- 
rhage (Armin & Grant, 1955). So also in hypoglycaemia not only the calibre of 
the vessels but also the skin temperature seem but little affected by the changes 
in mean blood pressure that may occur under our conditions. Continuous 
recording of ear temperature thus provides a relatively simple means of follow- 
ing changes in this activity from minute to minute in the conscious or anaes- 
thetized animal. The cooling of the ear is graded to the degree of constrictor 
activity in the blood, whether this is due to a substance released within the 
body or introduced from without. Checks are provided by the direct.naked-eye 
examination of the ear vessels by transmitted light and by transfers of blood 
samples to the denervated ear of another rabbit. 

The results of our observations agree, for the most part, with those of other 
workers and there seems to be no doubt that the hypoglycaemia caused by the 
injection of insulin into various animals stimulates the reflex release of an 
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adrenaline-like substance from the adrenal glands. We have not identified the 
substance, but in the intact animal it is probably mainly adrenaline. Gaddum 
& Holzbauer (1957) remark there is evidence of various kinds that the secretion 
of adrenaline, but not that of noradrenaline, is increased by hypoglycaemia. 
But we have shown that the adrenal glands are not the sole source of adrenaline- 
like activity in the blood during the insulin reaction, just as we have previously 
shown to be the case after a struggle, after haemorrhage or the administration 
of a pyrogen (Grant, 1935; Armin & Grant, 1955, 19576). The substance 
responsible for this activity in the animal with denervated adrenals or without 
these glands is unknown. It can hardly be adrenaline: it might be noradrenaline 
entering the blood stream as a spill-over from widespread sympathetic-nerve 
activity. It seems to be released when blood glucose falls below about 40 mg/ 
100 ml. But at the time when it is released the normal ear vessels, at least, 
show no indication of sympathetic-nerve activity, for they relax as the ~ 
denervated vessels are constricted. 

Other workers, like us, have assayed the ‘adrenaline’ output during insulin 
hypoglycaemia by determining the adrenaline infusion required to elicit the 
same changes in the test object used. Thus, Houssay, Lewis & Molinelli (1924) 
find that transfusion of adrenal-vein blood from a dog receiving insulin causes 
hyperglycaemia in another dog. To reproduce this hyperglycaemia by adrenal- 
ine requires an infusion of 5ug/kg/min. Abé (1924) estimates that less. is 
required, usually over 0-5 and nearer 1-0.g/kg/min, to match the dilatation of 
the denervated pupil in the rabbit caused by apparently large doses of insulin. 
In man a urinary output of adrenaline like that caused by 0-1 u. insulin/kg 
requires an adrenaline infusion of the order of 0-15ug/kg/min (Elmadjian, 
Lamson, Freeman, Neri & Varjabedian, 1956). Our own findings are more in 
accord with the last than with the earlier results. The adrenaline infusion 
required to match the vasoconstriction caused inthe denervated ear of the 
rabbit by doses of insulin of up to 3 u. per rabbit is often about 0-2ug/kg/min, 
rising to about 0-5ug for an unusually strong constriction, but is always under 
1-Oug/kg/min. By the biological testing of adrenal-vein blood, Dunér (1954) 
estimates that 10 u. insulin cause in the anaesthetized cat an increase of 
adrenaline (but not of noradrenaline) secretion of up to tenfold or more over the 
resting level. The maximum adrenaline output in any of his experiments is 


0-12yug/kg/min from one gland. 


The effect of insulin on the ‘adrenaline’ concentration in the peripheral blood 
has also been estimated by a number of workers. Weil-Malherbe & Bone (1954), 
| using a chemical method, are alone in finding that the injection of insulin 
entails an immediate lowering of the adrenaline concentration which precedes 
the onset of hypoglycaemia. By biological testing of plasma extracts, Holz- 
bauer & Vogt (1954) find that in the undisturbed conscious dog the adrenaline 
content is always below 0-25yg/l. and sometimes less than a quarter of this. 
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After administration of insulin (0-2—2-1 u./kg) the adrenaline concentration 


ranged from 0-25 to 6-4g/l. and no noradrenaline was detected. In one man 


the resting value was below 0-06yg/l. and after insulin (0-24 u./kg) rose to 
1-8ug/l. In one man also after insulin, Armin & Grant (1957) found that the 
adrenaline equivalent of plasma ultrafiltrates rose from the resting level of less 
than 0-01 ug/l. to between 0-1 and 1-Oyug/l. These values are the same as those 
now found for the rabbit’s blood. : 

The relation that has been seen to exist between ear temperature and blood 


_ sugar provides strong evidence to support the hypothesis of Canonn et al. (1924) 


and against that of Dunér (1954). Dunér does little more than remark that an 
inverse proportion exists between the level of blood glucose and the amount of 
adrenaline secreted from the suprarenal glands; hyperglycaemia decreases but 
hypoglycaemia increases secretion. He does not discuss the view of Cannon 
and his colleagues (Cannon et al. 1924). According to this, adrenaline output is 


_ not increased until blood sugar has fallen in the conscious cat to a critical level 


of 80-70 mg/100 ml. (60-110 mg under chloralose anaesthesia); with a con- 
tinued fall of blood sugar the heart rate becomes faster, indicating a greater 
output of adrenaline (Cannon, 1929). Houssay e al. (1924) find that in dogs 
under chloralose anaesthesia extra adrenaline secretion does not occur until 
blood sugar has fallen to 50 mg/100 ml., while La Barre & Houssa (1932) state 
that it oceurs when blood sugar falls below 75 mg and is much accentuated. 
when blood sugar falls below 50 mg/100 ml. (They say 50 mg/l. but this seems 
a misprint.) Our own findings are that adrenaline-like activity in the blood is 
not increased until blood sugar has fallen below a critical level which varies for 
different rabbits, is usually from about 70 to 50 mg/100 ml. and is apparently 
the same for the animal either when conscious or lightly under the influence of 
phenobarbitone and pentobarbitone. Below this critical level there is a range 
of about 10 mg/100 ml. within which, as blood sugar is falling or rising, 
adrenaline activity is increasing or declining. Below this range, constrictor 
activity remains steadily and considerably increased, whether blood sugar is 
rising or falling. But a rise of blood sugar from below into this range is accom- 
panied by a decrease of constrictor activity and a rise of blood sugar to the 
critical level and above is accompanied by a return of adrenaline-like activity 
to its resting level. 

With the relatively small doses of insulin that we have used, blood sugar, 
after an initial steep fall, often remains within the critical range for some time 
and shows small fluctuations. These are associated with corresponding and 
considerable fluctuations in constrictor activity. We have found no reference 
in previous papers to such fluctuations in ‘adrenaline’ output during the 
insulin reaction, but Figs. 2 and 5 of Cannon et al. (1924) show variations in 
the increased heart rate, and Figs. 3 and‘4 of Freeman et al. (1934) also show 
variations in the temperatures of rabbit’s ear and human finger that might be 
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due to variations in ‘adrenaline’ output, though the data are insufficient to 
determine the point. 

This description of the relation between blood sugar and adrenaline-like 
activity in the blood recalls that previously described by Grant (1935) for the 
relation between body temperature and vasomotor tone in the rabbit’s normal 
ear. It suggests the existence of some central structure which is stimulated to 
activity when blood sugar falls below a certain critical level and which thus 
initiates the reflex release of ‘adrenaline’. Dunér’s (1953) observations suggest 
that a structure sensitive to changes in the blood-glucose concentration exists 
in the hypothalamus. It is to be remembered that in the experimental animal 
the actual concentration of glucose to which such a structure is likely to respond 
will probably be closer to plasma glucose than to blood glucose.’ It is known 
that.in species other than the anthropoids (Somogyi, 1933, Peters & Van Slyke, 
1946) the blood corpuscles contain but little sugar and therefore plasma sugar 
is considerably higher than blood sugar. According to our own observations 
plasma sugar in the rabbit is approximately 1-5 times that of whole blood. 

While there is thus much evidence to show that the level of blood glucose 
determines ‘adrenaline’ release, there is less to show that in the intact animal 
the released substance modifies blood sugar. The check to the fall and the sub- 
sequent rise of blood sugar could be said to result not from ‘adrenaline’ release 
but from the operation of the other factor or factors which, as has been seen, 
can on occasion restore blood sugar. It is true that the general result of animal 
experiment is to show that the hypoglycaemic effect of insulin is potentiated 
when adrenaline release is prevented (a) by denervation or demedullation of the 
adrenal glands in cats (Cannon et al. 1924; Britton, Geiling & Calvery, 1928; 
Schlossberg, Sawyer & Bixby, 1933; Berg & Zucker, 1937) rabbits (Freeman 
et al. 1934) and dogs (Houssay et al. 1924; Crandall & Cherry, 1939); (6) by 
adrenalectomy in cats (Cannon et al. 1924) dogs (Crandall & Cherry, 1939) and 
rabbits (Sundberg, 1923): only Stewart & Rogoff (1923) found no difference in 
the effects of insulin in normal and adrenalectomized rabbits, but they used 
doses of insulin convulsant for normal animals—in these experiments cortisone 
was not given; Crandall & Cherry (1939) gave occasional doses of cortical 
extract to their dogs; Sundberg (1923) mentions that some of his rabbits had 
cortical transplants; (c) after hexamethonium in dogs (Schachter, 1951) and in 
rabbits (Laurence & Stacey, 1952). It has therefore been generally accepted in 
the past that adrenaline release is responsible for, or at least assists in, restoring 
low blood sugar towards normal levels, although it is recognized that recovery 
from insulin hypoglycaemia does not require the presence of the adrenal 
medulla (Peters & Van Slyke, 1946). 

But it might be said of adrenal denervation and adrenalectomy, as French & 
Kilpatrick (1955) say of hexamethonium, that these operative procedures do 
not specifically prevent adrenaline release and may thus deprive the body of 
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some other mechanism for restoring blood sugar. However, it has been shown 
that if the adrenaline secretion prevented by all three measures is replaced by 
adrenaline infusion in approximately the amount released by the intact 
animal, then the blood-sugar curves are restored to normal. The fact that the 
blood-sugar curves after insulin are normal in the adrenalectomized but 
cortisone-maintained animal can be taken to mean that the factor or factors 
other than adrenaline which tend to restore blood sugar require sufficient 
cortisone for their operation. It may be that the maintenance dose of cortisone 
which we have given is actually more than is required to replace the lost normal _ 
amount. It seems reasonable to suggest that ordinarily the level of cortisone 
secretion in the rabbit is low and adrenaline is required to counteract the 
hypoglycaeniic effect of insulin. On occasion, for some reason or other, corti- 
sone secretion is increased and then blood sugar recovers after the administra- 
tion of insulin without or with less than the normal secretion of adrenaline. 
In man it seems that the insulin—blood-sugar curves are normal not only 
after adrenalectomy with cortisone maintenance (Bergenstal, Huggins & Dao, 
1955; Ginsburg & Paton, 1956) but also after adrenal denervation (Simeone & 
Vavoudes, 1948; French & Kilpatrick, 1955). The effects of hexamethonium are 
doubtful, since the doses hitherto used have been too small to be adequate 
(Billingto®, Paton, Reynolds & Sherlock, 1954; Di Salvo, Bloom, Brust, 
Ferguson & Ferris, 1956). But it is known that adrenaline is released (Holz- 
bauer & Vogt, 1954) and it is difficult to believe that this does not influence 
blood sugar. It is known also, that sufferers from Addison’s disease are very 
sensitive to the action of insulin (Fraser, Allbright & Smith, 1941). However, 
there is at present no evidence to show that in man adrenaline release during 
insulin hypoglycaemia is closely related to a critical level of blood sugar. 
One further point requires discussion. According to Allwood et al. (1957) the 
blood vessels of the normal human hand show a variable response during the 
insulin: reaction, apparently not related to the hypoglycaemia; in the hand 
deprived of its sympathetic nerves the vessels contract. Ginsburg & Paton 
(1956) have shown that in the adrenalectomized human subject the normally 
innervated vessels dilate conspicuously. The same reactions occur in the 
rabbit’s ear; that is, (a) no special reaction for the normal ear vessels in the 
intact rabbit, (b) constriction of the sympathectomized or denervated ear 
vessels in the intact rabbit and (c) dilatation of the normal ear vessels when the 
blood sugar falls below about 30 mg/100 ml. in the rabbit with adrenal glands 
denervated or lacking. The dilatation is not due to a rise of body temperature 
and promptly subsides when blood sugar is raised by the injection of glucose. 
According to Rossel & Osswald (1953-54) in intact conscious rabbits with body 
temperature held at 37° C and given large doses of insulin (30 u. subcutaneously) 
the constricted normal ear vessels begin to dilate when the blood sugar falls to 
35 mg/100 ml., and when convulsions begin the dilatation is great. Constric- 
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“tion returns when blood sugar rises to 60-70 mg/100 ml. after the injection of 


glucose. They explain the vasodilatation as the result of increased acetylcholine 
production due to a great reduction of the inhibiting influence of glucose on the 
activity of cholineacetylase. In our rabbits the circulating blood at the time 
exerts a constrictor effect on the denervated ear vessels. The normal ear 
vessels are much less sensitive to circulating constrictor substances and we 
attribute their dilatation to a central inhibition of sympathetic nerve activity. 


SUMMARY 

1. The denervated ear vessels have been used to study the release of an 
adrenaline-like substance (‘adrenaline’) into the circulation during insulin 
in the rabbit. 

. ‘Adrenaline’ is not released until blood sugar has fallen to a certain 
set level and ceases when blood sugar again rises to that level. 
_ 3. Depending on the level of blood sugar attained, ‘adrenaline’ release may 
be persistent or intermittent during the insulin reaction. 

4. The adrenal glands are not the sole source of the ‘adrenaline’. 

5. The general conclusion is reached that while ‘adrenaline’ usually miti- 
gates the extent of the fall of the blood sugar, other factors are responsible for 
the restoration to normal levels. 

6. The findings are discussed in relation to previous animal experiments and 
to recent observations by other workers on man. 


We are grateful to Miss Sheila Haizelden for technical assistance, to Miss Sylvia Treadgold of the 
Medical Illustration Department for the figures, to Dr Marthe Vogt for further details about the 
method for sensitizing the rat’s uterus, to Dr A. H. Ratcliffe of Messrs Smith, Kline & French for 
the supply of Dibenyline; and to the Medical Research Council for a grant. 
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POTENTIAL CHANGES RECORDED INSIDE PRIMARY 
AFFERENT FIBRES WITHIN THE SPINAL CORD 
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Nerve volleys entering the spinal cord by afferent fibres produce potentials 
that have been recorded by electrodes at various locations, and correspondingly © 
there have been many interpretations of the origins of these potentials. There 
has been no disagreement in the interpretation of the spike-like potentials 
that are recorded at approximately the time of entry of the primary afferent 
volley into the spinal cord, and which may be as much as 0-3 msec later when 
picked up by a micro-electrode in the ventral horn (Renshaw, 1946; Brooks 
& Eccles, 1947; Brock, Coombs & Eccles, 1952). But many diverse interpreta- 
tions have been offered for the array of slower potential changes which follow, 
some immediately after the spike being even continuous with its declining 
phase, while others. have longer latencies and may persist for hundreds of 
milliseconds. 

The potentials relevant to the present study have been recorded, either by 
various dispositions of electrodes on the dorsum of the cord (Gasser & Graham, 
1933; Bernhard, 1952, 1953; Bernhard & Widén, 1953; Austin & McCouch, | 
1955; Koketsu, 19565), or within it (Eccles, Fatt, Landgren & Winsbury, 
1954; Coombs, Curtis & Landgren, 1956; Koketsu, 1956a, b; Fernandez 
de Molina & Gray, 1957), or by electrodes on the dorsal roots which have been 
dissected up to the point of entry into the spinal cord and then raised up into 
an insulating medium, air or oil (Barron & Matthews, 1938; Fessard & 
Matthews, 1939; Bonnet & Bremer, 1938, 1952; Woolsey & Larrabee, 1940; 
Eccles & Malcolm, 1946; Bremer & Bonnet, 1949; Lloyd & McIntyre, 1949; 

Lloyd, 1952; Brooks & Fuortes, 1952; Malcolm, 1953; Eisenman & Rudin, 
- 1954; Brooks & Koizumi, 1956). 

There has been general agreement that an afferent volley sets up a prolonged 

depolarization of the intramedullary region of dorsal root fibres, both those 
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that have been primarily activated and those initially passive, provided that 
they are in sufficient segmental proximity. This depolarization shows the 
expected electrotonic decrement when the proximal recording electrode on 
the dorsal root is progressively moved distally along it (Barron & Matthews, 
1938; Kecles & Malcolm, 1946; Lloyd, 1952); hence it should be recorded by 
an intracellular electrode in primary afferent fibres in the spinal cord, as 
has actually been done by Koketsu (1956a, 6), though Frank & Fuortes 
(1955) did not find it. The present investigation is related to several unresolved 
problems concerning this dorsal root potential, or DRP as it may be called 
(the DRy of Lloyd & McIntyre, 1949): the mode of its production is as yet 
unknown ; the species of afferent fibres in which it occurs are not yet established ; 
the species of afferent impulses responsible for its production are not yet 
defined. For example, Brooks & Fuortes (1952) state that the DRP is pro- 


duced both by cutaneous and muscle afferent fibres, whereas Fessard & 


Matthews (1939) and Koketsu (19565) reported that DRP’s were recorded only 
from cutaneous afferent fibres and were produced only by impulses in these 
fibres, muscle afferent fibres being entirely unconcerned, and Wall (1958) 
reached a similar conclusion as a result of ie deta the excitability changes of 
primary afferent fibres in the spinal cord. 

The present investigation also relates to deitleas deriving from other 
potential changes recorded from dorsal roots, namely their mode of produc- 
tion and their relationship to potential changes produced by various structures 
in the dorsal region of the spinal cord. For example, Lloyd & McIntyre (1949) 
produced evidence that in the active afferent fibres a brief depolarization 
follows the spike potential, and by a convincing comparative study Eisenman 
& Rudin (1954) and Rudin & Eisenman (1953, 1954a, b) showed that this 
depolarizing potential spreads peripherally along the dorsal root because the 
_ after-depolarization generated by the spike potential was larger and more 
_ prolonged in the intramedullary region of the primary afferent fibres than in 
the dorsal roots. The excitability studies of Wall (1958) also indicated that 
the after-depolarization is largest in the terminal arborization. Koketsu 
(19566) reported that this after-depolarization is virtually restricted to the 
cutaneous afferent fibres, being very small or absent in muscle afferents, but 
Wall’s (1958) studies revealed it in both types. 

More confusing is the positive wave which is recorded in adjacent unstimu- 
lated roots just before the development of the DRP, and which Lloyd & 
McIntyre (1949) regard as being generated by the brief after-depolarization 
of the active afferent fibres; consequently they refer to both as the DR; y wave. 
With intracellular recording Koketsu (19566) could not find in inactive fibres 
that. any brief hyperpolarization of the surface membrane preceded the 
depolarization of the DRP, all of the recorded initial negativity being 


identically recorded extracellularly, and hence attributable to potential © 
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fields. By occlusion studies Eisenman & Rudin (1954) were led to postulate 
that the DR,y of passive fibres was associated with the DRy wave and 
quite unrelated to the DR,y of active fibres. The excitability studies of 
Wall (1958) revealed that the depressed excitability corresponding to the 
DRyy of passive fibres was present only in the primary afferent fibres close 
to their entry into the spinal cord, there being no corresponding excitability 
change of their terminal arborizations. 

A brief preliminary report has been presented to the Physiological Society 
(Eccles & Krnjevié, 1959). 


METHODS 


The experiments have been performed on adult cats lightly anaesthetized with pentobarbitone. 
The lumbosacral region of the spinal cord was exposed and the cord was severed in the upper 
lumbar region. It was covered by a deep layer of warmed liquid paraffin saturated with 5% CO, 
in O,, the vertebral column being firmly held in clamps. 

In about half the experiments various nerves of the left leg were prepared for stimulation, 
_ being mounted on electrodes in a second pool of warm paraffin. Glass micro-electrodes with a tip 
diameter of about 0-5 » and filled with 3 m-KCl have been inserted into the dorsal aspect of the 
spinal cord through small windows in the pia-arachnoid membrane. The insertion was usually 
made just medial to the entry of the L7 dorsal root, the direction of insertion being ventral with 
a slight lateral deviation. Impalement of a primary afferent fibre was signalled by the recording 
of a membrane potential and by the spike potentials generated by stimulation of some peripheral 
nerve. In this way the species of the afferent fibre could be identified not only as regards its 
cutaneous or muscle specification, but also in respect of its conduction velocity and relative 
threshold. 

In the remaining half of the experiments only the dorsal roots were prepared for stimulation 
and they were also employed for applying polarizing currents that would effectively change the 
membrane potentials of the intramedullary segments of the primary afferent fibres. For this 
purpose, after peripheral severance a dorsal root or a fraction thereof was dissected right up to 
its entry into the spinal cord and the polarizing current was applied through two non-polarizable 
electrodes, one on the root at its cord entry and the other at least 10 mm distally. The stimulating 
electrodes were still more distal on the root (Fig. 4G). The polarizing current was turned on and 
off manually, being continued for several seconds during any particular investigation. In this 
type of experiment it was not possible to identify the type of fibre impaled. 

Altogether over 300 primary afferent fibres were investigated in fifteen experiments. In all 
cases the membrane potential changes have been determined by subtracting the intracellularly 
recorded potential from the field potential that is produced under similar conditions of nerve 
stimulation, but with the micro-electrode withdrawn just outside the nerve fibre. 

The general stimulating and recording arrangements were similar to those previously described 
(Brock et al. 1952; Eccles et al, 1954; Coombs, Eccles & Fatt, 1955). In a number of experiments 
a capacity neutralizing input stage designed by Mr J. 8. Coombs (cf. Amatniek, 1958) was used 
to improve the frequency response of the recording system. Triangular pulses of current were fed 
on to the grid of the input stage via a 1 pF condenser; this produced ‘square’ pulses, whose 
amplitude was determined by the micro-electrode resistance, and whose rise time depended upon 
the effective input capacitance (Lettvin, Howland & Gesteland, 1958). It was possible in this 
manner to monitor these variables throughout the period of recording (cf. Fig. 1A). 
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RESULTS 
Resting membrane potentials of primary afferent fibres 
A wide range of membrane potentials (internal negativity) was recorded when 
the micro-electrode penetrated into primary afferent fibres. In most fibres 
the resting potential gradually declined after the first few minutes. Stabiliza- 
tion proved to be much more difficult than with motoneurones. Column 3 
of Table 1 gives a representative collection of membrane potentials for large 


TaBLE 1. Representative conduction velocities (CV), resting potentials (RP), spike potentials 
and after-depolarizations (ADP) of primary afferent fibres of different types, recorded at 
various depths as indicated. BST = biceps semitendinosus; GS = gastrocnemius-soleus; 
FDL-PL = flexor digitorum longus-plantaris; SU = sural; SP = superficial peroneal; 
PT = posterior tibial. Values in the columns headed PTP were recorded at the height of 
post-tetanic potentiation 

} 2 3 4 5 6 7 8 
Time to half 
Sizeof ADP decay ADP 


Depth CV RP Spike Normal PTP Normal PTP 
Fibre type (mm) (m/sec) (mV) (mV) (mV) (mV) (msec) (msec) 


Muscle BST 1-2 108 70 97 1-05 3-3 50 60 
afferents BST 10 120 70 98 - 06 15 30. 37 
BST 0-7 125 75 98 115 2-7 12 22 

GS 1-2 93 70 81 0-5 1-5 ll 14 

GS 05 100 70 82 0-8 3-0 15 24 

GS 0-7 86 60 85 0:7 30 = 20 22 

GS 05 115 65 84 0-75 2-4 19 22 

GS 0-9 100 65 106 0°55 1-55 25 30 

FDL-PL 1-3 90 70 80 1-1 3-8 15 40 

FDL-PL 1-2 99 65 87 0-6 1:8 12 15 

Means 104 68 90 0-8 2-5 21 29 
Cutaneous SU 0-8 = «=—s-- 60 55 76 0-35 4:5 19 9 
afferents SU 0-8 67 60 92 16 — 42 ome 
SP — — Baits 1-0 2:15 100 85 

5. — 60 80 1-7 — 8 

PT 1-1 — 65 72 0-5 2-0 30 35 

PT 0-7 78 75 88 1-95 3-9 10 20 

PT 0-6 92 80 86 1-55 33 40 66 

Means 64 82 1-2 3-2 35 43 


afferent fibres from muscle and skin. It would appear that the membrane © 
potential of such fibres is probably about —70 mV when they are uninjured, 
which is in agreement with the highest values of Woodbury & Patton (1952) 
and of Koketsu (19566), and which is comparable with that of uninjured 
mammalian motoneurones (Brock et al. 1952; Woodbury & Patton, 1952; . 
Coombs et al. 1955; Frank & Fuortes, 1955). Occasionally fibres with a much 
slower conduction velocity were successfully penetrated, but the membrane 
potentials were low and deterioration was rapid. : 
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Spike potential 

When the capacitive coupling between the recording electrode and earth 
was largely neutralized by the positive feed-back device, as is indicated by 
the monitored record of the square pulse in Fig. 14, the spike potential 
was often in excess of 90 mV (Figs. 1, 34, B; Table 1, column 4), and usually 
it had a duration of 0-5-0-6 msec. Similar spike potentials were produced by 
cutaneous (Fig. 1C) and muscle (Fig. 1B) afferent fibres. As is shown in 
Figs. 1 and 3A, the time course resembled that of the spike potential derived 


msec 
msec 

A B 100 

100 

mV mV 50 
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Fig. 1. Spike potentials recorded intracellularly from primary afferent fibres (cf. inset diagram) 
with neutralization of capacitive coupling. In A there is initially the monitoring square pulse 
showing effectiveness of the neutralization of capacity, and later the spike set up by stimula- 
tion of L7 dorsal root. Resting membrane potential, - 60 mV and recording is at 0-6 mm 
depth in the cord. In Band C the stimuli were applied to the gastrocnemius and sural nerves, 

. the membrane potentials being respectively -65 and -60 mV, the recording depths 0-9 and 
0-8 mm, and the impulse conduction velocities 100 and 67 m/sec. Potential simultaneously 
recorded by surface electrode at zone of dorsal root entry is shown below spike in B. 


from single nodes of Ranvier of amphibian nerve fibres (Tasaki & Mizuguchi, 
1948; Huxley & Stampfli, 1951; Tasaki, 1956; Frankenhaeuser, 1957), but, 
as would be expected, it was much briefer in duration. Spikes of 50-80 mV 
and with durations of less than 1 msec have been illustrated for mammalian 
primary afferent impulses by Woodbury & Patton (1952) and Frank & Fuortes 
(1955). The much slower spike potentials, about 2 msec in duration, reported 
and illustrated by Koketsu (19566) presumably were produced by injured 
‘fibres, as would also be indicated by their low voltage (20-50 mV). The spike 
potentials of Figs. 1 and 3 may be seen to rise very steeply to the summit in 
about 0-1 msec (the maximum slope being usually in excess of 2000 V/sec) 
and then to decline much more slowly, at a rate of about 300 V/sec at its 
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steepest part. As deterioration sets in, signs of nodal blockage appear in the 
form of discontinuities late on the rising phase which become progressively 
more accentuated until full nodal blockage supervenes. 


After-depolarization (ADP) 

The spike potential declines to a complex sequence of small prolonged 
potentials which can be shown by the experimental analysis illustrated in 
Fig. 2 to arise in three different ways (cf. Koketsu, 19566). First, there are the 
field potentials generated by the afferent volley in structures other than the 
afferent fibre under examination. These potentials are also recorded when the 


msec 
TTT TT TT 
1 mV 


F 
| 
10 msec 


Fig. 2. Slow potential changes recorded intracellularly from a sural afferent fibre at a depth of 
1-3 mm, the resting membrane potential being - 60 mV, and the conduction velocity 71 m/sec. 
A, C and E were recorded at same fast time shown in upper msec scale; B, D and F are 
respectively the equivalent records at the slow lower time scale. In this, as in all records, 
intracellular positivity is recorded upwards. In A the stimulus to the sural nerve was just 
at threshold for the recorded afferent fibre, which was stimulated in about half of the super- 
imposed traces; in B it was just below threshold. In C and D the stimulus strengths were as in 
A and B, respectively, but the electrode had been withdrawn to a just-extracellular position. 
Lower tracings in A and C give sural volley recorded by an electrode on L7 dorsal root close 
to its entry into the cord, negativity being downwards. In F and F the records A, C and 
B, D, respectively have been superimposed. 


~ micro-electrode is withdrawn from the afferent fibre into the immediately 


adjacent extracellular region. With the micro-electrode in its usual position 


in the superficial region of the dorsal horn or dorsal column, the field potentials 
are similar to those recorded with an electrode on the dorsal surface of the 
spinal cord. As reported by Bernhard (1952, 1953), Bernhard & Widén 
(1953) and Coombs et al. (1956), cutaneous afferent volleys give much larger 
field potentials than muscle afferent volleys. When the field potential (Fig. 2C, D) 
is subtracted from the intracellularly recorded potential (Fig. 24, B), the 


residual potential must be generated across the surface membrane of the | 


impaled afferent fibre. This has been done by the superposition of records 
in Fig, 2B, F, the area between the lowest record and the upper records giving 
the magnitude and time course of the membrane potential produced by the 


afferent volley. , 
By adjusting the stimulus so that it was just at threshold for the impaled 
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fibre, two different sequences of membrane potential change were recorded 
(Fig. 2A). The potential produced by the impulse in the impaled fibre (area 
between two upper traces of Fig. 2H) is superimposed on the membrane 
potential which is generated by impulses in all the other afferent fibres of 
lower threshold (area between the two lower curves of Fig. 2). This latter 
potential runs a much longer time course, having a duration of about 200 msec 


when its full course is revealed by the difference between the two slower traces 
of Fig. 2F. 


100} 4 —_ 


mV —> 10 sec 400/sec — > 10 msec 400/sec 
E 2m 
10 msec 
Fig. 3. Spike potentials and after-depolarizations (ADP’s) of muscle afferent fibres. A-—C are 
responses of a Group Ia biceps itendinosus afferent fibre, membrane potential — 75 mV, 


recording depth 0-7 mm, and conduction velocity 125 m/sec. A, B are before, and C after 
a conditioning tetanus of 400/sec for 10 sec; the testing stimuli being just above threshold, 
with one just below in B. Note different time and potential scales for A on the one hand and 
for B, C on the other. D, Z is a similar series to B, C, but for a Group I afferent fibre 
from plantaris-flexor digitorum longus nerve, the stimuli just straddling threshold for this 
fibre, as is shown by the two types of superimposed responses in each record. The membrane 
potential was --60 mV, the recording depth 0-9 mm and the conduction velocity 90 m/sec. 
All records were made by the superposition of traces at about 4/sec for 4 sec, and the numbers 


in C, E give for each test series the range of intervals in seconds after the conditioning 
tetanus. 7 


The procedure of ‘threshold-straddling’, as it may be called, shows that 
the spike potential of the impaled afferent fibre declines to a low depolarization, 
which is an invariable concomitant of that spike, and which persists for many 
milliseconds, It is best illustrated as the difference between superimposed 
traces, as in Figs. 2A, 3B, D. Evidently it is the same slow depolarization 
that is observed with monophasic recording from isolated nerve trunks 
(Gasser & Grundfest, 1936; Grundfest & Gasser, 1938; Graham, 1942; Brown 
& Holmes, 1956; Ritchie & Straub, 1956; Gasser, 1958) or spinal roots 
(Eisenman & Rudin, 1954), or the dorsal columns of the spinal cord (Rudin & 
Kisenman, 1954a, b), and that has been generally called the negative after- 
potential. This name is inappropriate for depolarizations recorded intra- 
cellularly, for they appear as a relative positivity; hence it is proposed to 
employ the term after-depolarization (ADP) instead. There has been a very 
large range in the durations of the ADP’s of different primary afferent fibres 
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(Table 1, column 7). With fibres in good condition the ADP usually had a 
duration of 20-100 msec, decaying to half in 10-50 msec from the onset of the 
spike. The average duration was considerably longer than the negative after- 
potential of Rudin & Hisenman (1954, b) and Eisenman & Rudin (1954) 
and the over-excitability found by Wall (1958), and was much longer than 
the DRyy wave of Lloyd & McIntyre (1949). 

When there was a high membrane potential, the ADP continued straight 
on from the declining phase of the spike (Fig. 3B), but, as the membrane 
potential fell, a sharp dip separated the spike and the ADP, and eventually 
this grew to a brief hyperpolarization from which arose a diminished ADP 
(Fig. 4B). As is shown in Fig. 4, the whole sequence of changes in the ADP 


10 msec 


_ Fig. 4. ADP’s of presumed muscle afferent fibre, which was stimulated in the L7 dorsal root, _ 


the membrane potential being -75 mV, and the recording depth 0-5 mm. A and B are 
superimposed records with straddling of threshold at same amplification, but at the different. 
time bases indicated for A, C, Z and for B, D, F, respectively. C and D are similar to A, B 
but a hyperpolarizing current of 10 1A was applied to the dorsal root as shown in the diagram. 
With £ and F the current was reversed. The manner of application of the polarizing currents 
is shown in G@. 


with varying membrane potentials can be produced reversibly by polarizing 
the primary afferent fibre through electrodes on the appropriate dorsal root 
(cf. Woronzow, 1924; Schmitz & Schaefer, 1933; Graham, 1942). By applying 
currents of up to 20 uA, membrane potentials directly recorded from primary 
afferent fibres in the spinal cord have been changed by as much as 20mV in 
either the hyperpolarizing or depolarizing direction (cf. Eccles & Krnjevié, 
19596). Evidently in Fig. 4F the ADP behaved as if it had an equilibrium 
potential about 20 mV more depolarized than the norma! resting potential, 
just as has been observed with motoneurones and with motor axons in their 
intramedullary course (Coombs et al. 1955). With depolarization of these 
structures there was also observed the brief phase of hyperpolarization between 
the end of the spike and the onset of the ADP (cf. Fig. 4B, F). Again the 


effect of variation in membrane potential at this time indicates that the . 


equilibrium potential for the ionic fluxes occurring then is at a considerably 
higher membrane potential than in the later stage of the ADP.. Presumably 
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the high potassium conductance during the falling phase of the spike (Hodgkin 
& Huxley, 1952; Dodge & Frankenhaeuser, 1958) persists during this page 
and effectively raises the equilibrium potential for the ADP. 

The ADP has been exhibited by every afferent fibre, both cutaneous and 
muscular (Table 1) that has had a reasonably high membrane potential. 
As would be expected from the level of the equilibrium potential, the ADP 
is undetectable, or even reversed, if the resting potential has fallen to a low 
level. This may explain the failure of Koketsu (19566) to record an ADP 
with many afferent fibres, though it does not seem to account for his report 
that the ADP is regularly seen with cutaneous fibres and is virtually non- 
existent with afferent fibres from muscle. In contrast, Wall (1958) regularly 
found the associated over-excitability of Group I muscle afferents. In our 
experiments the only difference has been that with cutaneous fibres the ADP 
has usually been superimposed on the much more prolonged membrane — 
depolarization (Fig. 2), while this was uncommon with muscle afferent fibres 
(Fig. 3B, D). As a consequence, the ADP has been as a rule much more 
evident. with muscle afferent fibres. 


Dorsal root potential (DRP) 


A stimulus below the threshold for the impaled primary afferent fibre 
produced a prolonged depolarization of its surface membrane, which is revealed 
by subtracting the corresponding extracellular from the intracellular potential, 
as in Fig. 2H, F, and which is sharply distinguishable from the ADP. The 
impulse in the primary afferent fibre itself caused no appreciable addition to 
this prolonged depolarization, but a substantial addition was often effected 
by further increase in the afferent volley beyond the size at which threshold- 
straddling occurred. High threshold fibres were relatively ineffective in pro- 
ducing a prolonged depolarization. Usually there was no appreciable increase 
in the depolarization when the stimulation of the cutaneous or muscle nerve 
was increased above five times threshold. Furthermore, as would be expected, 
“the nerve or dorsal root containing the afferent fibre under examination has 
no special effectiveness in producing this prolonged depolarization, as may be 
seen in the assembled records of Fig. 5. These observations are in close agree- 
ment with those of Koketsu (1956a, 6) on intracellular recording from primary 
afferent fibres, and with the analyses based on occlusion (Eisenman & Rudin, 
1954, Fig. 4D). As was concluded by Koketsu, these intracellularly recorded 
depolarizations must be responsible for the dorsal root potentials which were 
first described by Barron & Matthews (1938), and which are almost as large 
in adjacent inactive dorsal roots as in the root carrying the afferent volley. 
We propose therefore to refer to these potentials as dorsal root potentials or 
_ DRP’s. ‘Intracellular recording gives special opportunity for comparing the 
effectiveness of impulses in different afferent nerves in producing DRP’s, and 
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also for determining the relationship between the species of afferent fibre and 
ability to develop DRP’s. 

As a general rule it can be stated that DRP’s are not developed in the large 
afferent fibres from muscle (cf. Fig. 5.4) and that muscle afferent volleys do 
not produce DRP’s in afferent fibres of any type, i.e. that DRP’s are to a very 
large extent produced by cutaneous afferent volleys in cutaneous afferent 
fibres. However, there are exceptions to this rule, as may be seen in Fig. 5, 


Afferent fibre intracellularly recorded 


A BST B GS Gort Geb: 
BST 
msec 
2 mV 1 mv] 2 mv] | 2 mV | 


Fig. 5. Slow depolarizations (DRP’s and ADP’s) recorded intracellularly from four different q 
nerve fibres, A, B, C and D, and generated hy maximum volleys in seven different afferent . 
nerves, as indicated by the symbols to the left, which are identical with those of Tables 1 q 
and 2. Below each intracellular record is a record of the potential produced by the | 
same afferent volley when the micro-electrode was withdrawn to a just-extracellular 
position. Any change produced in the membrane potential of the nerve fibre by the 
afferent volley appears when the extracellular is subtracted from the corresponding intra- 
cellular record. Fibre A has a membrane potential of -70 mV, a conduction velocity of 
108 m/sec and is at a depth of 1-2 mm. With B the respective values are — 70 mV, 87 m/sec 
and 0-8 mm, with C ~50 mV, 86 m/sec and 0-8 mm and with D -55 mV, 60 m/sec and 
0-8 mm. Note separate time and potential scales for each series, D being at a much slower 


For example, in Fig. 5B, superficial peroneal (SP) and posterior tibial (PT) 
afferent volleys produced DRP’s ina gastrocnemius-soleus (GS) Group I afferent 
fibre and a biceps-semitendinosus (BST) volley also produced a small DRP; all 
four muscle afferent volleys produced a DRP in the sural (cutaneous) afferent 
fibre of Fig. 5D; all but one (flexor longus digitorum-plantaris, FLD-PL) 

were effective on the posterior tibial (PT, cutaneous) afferent fibre of Fig 5C. 

Such observations are unusual, the great majority of muscle afferent volleys 
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Tasie 2. Columns 6-12 give mean sizes in mV of DRP’s produced by the specified maximum afferent volleys in 
the various types of afferent nerve fibres shown in the horizontal rows. See Table 1 for interpretation of 
symbols (AT = nerve to anterior tibial muscles). Many of the values in column 5 are low because recorded 
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being ineffective even when set up by strong stimuli that would excite rela- 
tively slow afferent fibres (Groups II and III). Exceptionally it has also 
been observed that a cutaneous afferent volley may produce no DRP in a 
cutaneous nerve fibre, and on one occasion a sural volley actually failed to 
set up a DRP in a sural afferent fibre, though posterior tibial and superficial 
peroneal volleys were very effective. In Table 2 mean values are given for 
the production of DRP’s by the various afferent volleys in the various species 
of large afferent fibres. Unfortunately some fibre types are so poorly repre- 
sented that the mean values have little significance, but the high values in 
the lower right-hand corner of the Table certainly show that DRP’s are 
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before capacity neutralization was applied 


1 2 3 4 5 6 7 8 9 


10 11 12 
Afferent volley type 
No. Mean Mean Mean Muscle Cutaneous 
| of CV RP spike - A 
Fibre type fibres(m/sec) (mV) (mV) BST GS ‘FLD. PL AT ie. ee PT 
BST 0 0 005 0 0 
GS 7 97 62 68 O05 005 005 O 0-05 005 0-25 
FLD-PL 2 8 0 010 0 0-10 
AT 2 9 62 6 O 0 0 0 0 0 0 0 
SU 2 68 60 8 035 O18 0585 066 085 #414 1-0 
SP 4 0-10 0 010 035 050 0-55 
PT 9 72 6 6 005 O16 O10 020 035 0-70 0-80 
Totals 31 045 O45 160 275 26 


principally produced by cutaneous afferent ies and occur largely in 
cutaneous afferent fibres. 


As was reported by Koketsu (19566), the time course of the intracellularly 


recorded DRP is in good agreement with the DRP recorded from dorsal roots 


close to their cord entry. For example, in the superimposed records of Fig. 2 E, 
the origin of the DRP, indicated by the arrow, had a latency of 1-6 msec, 
the summit was attained in 7 msec and the total duration is seen in Fig. 2 F 
to be about 200 msec. Increasing size of the DRP is not associated with any 


appreciable lengthening of time to summit or of total duration, as may be 


seen in the various records of Fig. 5D. The DRP has usually attained its 
summit in 7-20 msec after the arrival of the afferent volley at the spinal cord 
and the total duration has usually been in the range of 100-200 msec. 
Hyperpolarization and depolarization of the afferent fibre, by the applica- 
tion of steady currents to the dorsal roots, have generally caused a correspond- 
ing increase and decrease, respectively, of the DRP. This is best illustrated, 
as in Fig. 6J—L, when the DRP is generated by a volley in a root that does 
not include the impaled fibre. There is then no complication from superimposed 
ADP, as occurred in Fig. 6G-J; but even so the effect on the DRP can be 
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recognized because the superimposed ADP is much briefer in duration, and 
it would virtually have terminated by the arrows. 


In the faster records of Fig. 6A-F the effects of hyperpolarization and 


- depolarization are seen to be much larger on the ADP than on the DRP, 
which actually rises more slowly during hyperpolarization (B); but the signifi- 


cance of this change is doubtful because the stimulus applied to the dorsal 
root was submaximal for the DRP and was adjusted during the steady cur- 
rents so as to remain just at threshold for the impaled fibre. The heights of the 
DRP’s showed small changes in the same direction as the large changes in 
the ADP’s. The DRP’s have always exhibited smaller changes than the ADP’s 
and sometimes no change was detectable until the polarizing currents were 
made so large that there was ae of the testing volley. 


= 6. Rifect of i on the ADP and DRP. A-F stimulation of L7 dorsal root at a 
strength just straddling threshold for the impaled fibre, the depth of recording being 0-5 mm. 


A, C and £ are responses at the membrane potential of -60 mV. With B the membrane 


potential is increased by a hyperpolarizing current of 15 uA; in D it is decreased by a de- 
polarizing current of 15 nA. F is the just-extracellular record at the same stimulus strength 
as A, C, HE. G-L are intracellular records from an afferent fibre of 81 dorsal root, the depth 
of recording being 0-5 mm. G-I are potentials set up by maximal volleys in 81 dorsal root; 
J-L by maximal volleys in L7 dorsal root. In H and K the $1 dorsal root was hyperpolarized 
by a current of 8 1A; the control normal responses being shown before (@, J) and after (I, L). 
For G, H, J, K the corresponding extracellular records are shown immediately below the 
intracellular. Same time and potential scales for G—L. 


After-hyperpolarization (AHP) 
In 1940 Woolsey & Larrabee reported that tetanization of a dorsal root 
produced a large and prolonged after-hyperpolarization (AHP) of that root, 


but not of adjacent roots. This hyperpolarization exhibited a decrement as 
’ the recording electrode was moved outwards along the root, so evidently the 


central regions of the afferent fibres were specially effective generators of the 
AHP. This was confirmed by Wall & Johnson (1958), who showed that, the 
excitability of the terminals of the primary afferent fibres exhibited a greater 
post-tetanic depression of excitability than the fibres at the dorsal root entry 
or on the dorsal columns. Intracellular recording from primary afferent 
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fibres in the spinal cord would be expected to provide favourable conditions 
for recording the AHP, though it would not reveal the full potential change 
occurring at the terminals. 

As is shown in Fig. 7 A—EZ, all durations of a tetanus at 600/sec were followed 
by a brief initial AHP which passed over into a low after-depolarization and 
then finally to a second prolonged AHP that increased in size proportionally 
with the duration of the tetanus. Woolsey & Larrabee (1940) described this 
same double composition for the AHP, identifying the two components with 


B G | 
C H 


~ 400 msec 


Fig. 7. After-hyperpolarizations of primary afferent fibres. A-J: intracellular d.c. recording 
from a fibre of superficial peroneal nerve (cutaneous), the membrane potential being —- 50 mV; 
the depth of recording 1-0 mm. With A-—Z the superficial peroneal nerve was tetanized at 
600/sec for the periods indicated by the thick black areas of the tracings; with F, @ the | 


tetanization was at 200/sec, with H, I at 100/sec, and J at 60/sec. Same time and potential 
scales for all records. 


the P, and P, after-potentials of peripheral nerve (Gasser & Grundfest, 1936; 
Grundfest & Gasser, 1938; Gasser, 1958). The same potential sequence occurred 
after tetanization at 200/sec (F; G), but there was no initial hyperpolarization 
after the tetani at slower frequencies (H, J, J), and no later hyperpolarization 
- was detectable in H after 17 impulses at 100/sec. 

Woolsey & Larrabee (1940) found that after prolonged tetanization the P, 
potential persisted for more than 60sec. The depressed excitability of the 


terminals contmued for even longer (Wall & Johnson, 1958). Similarly in - 


Fig. 8, tetanization at 400/sec for 30 sec caused the membrane potential to 
increase by as much as 2:2 mV (B) and a small increase was still apparent in 
H at 62 sec post-tetanically. The time course of this AHP is plotted in Fig. 87 


(filled circles), and similar plots are given in a later paper veh pee & Krnjevic, 
1959 b). 3 
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40 msec msec 10 msec 


mV sec 
-30 -20 -10 10 20 30 40 50 60 70 


Fig. 8. Post-tetanic potentiation of ADP. A-H, intracellular recording from a Group I afferent 
fibre of biceps dinosus nerve, the membrane potential being — 70 mV, the conduction 
velocity 108 m/sec and the depth 1-2 mm. 4A is control record of ADP with a d.c. amplifier; 
a conditioning tetanus of 400/sec for 30 sec was then applied and B-H were taken at 
the indicated intervals in seconds after the end of the tetanus. F was recorded at a slower 
time base as shown. The time line gives the reference potential level throughout. The series 
partly illustrated in A—H is fully plotted in J, the maximum heights of the ADP’s being 
shown by open circles and the membrane potentials in filled circles. Note the separate 
potential scales for ADP and RP on the ordinate scale. The values to the left are initial 

_ controls, the control RP being arbitrarily at zero. The tetanus was applied or the arrows, 
and zero of the time scale corresponds to the end of the tetanus. 


Post-tetanic potentiation 


After a prolonged high- frequency tetanization of the afferent fibre there 
has invariably been a large increase in the ADP (Fig. 3C, £; Table 1, column 6; 
cf. Woronzow, 1924; Gasser, 1938; Brown & Holmes, 1956; Ritchie & Straub, 
1956) which has in addition been altered in time course, there being diminu- 
tion or removal of any dip between the spike and the ADP, and usually a 
prolongation of the ADP (Table 1, column 8). However, the potentiated 
ADP’s have often declined to a prolonged phase of hyperpolarization which 
has seemed to curtail the latter phase of the ADP (Fig. 8B). With the usual 
conditioning tetanus of 400/see for 10 sec, the potentiation of the ADP has 
practically disappeared in 40-60 sec, but durations in excess of 60 sec occur 
with longer conditioning tetani (Fig. 8/}. Brief conditioning tetani (0-1-0-5 sec) 
also caused potentiation of the ADP, but it was of briefer duration. However, 
no systematic investigation was attempted. 

When d.c. amplification is employed throughout, as in Fig. 8, it is seen 


that the increase in summit of the testing ADP may be virtually compensatory 
18 PHYSIO, OXLIX 
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for the prolonged hyperpolarization that follows the conditioning tetanus as 
described in the preceding section. The potentiation of the ADP may be rather 
less than the increase in the membrane potential, but as a rule there is such 
good agreement between the time courses of these two effects (Figs. 87) that 
the increase in membrane potential may be assumed to provide a sufficient 
explanation of the potentiated ADP (cf. Ritchie & Straub, 1956). The effect 
of tetanization in increasing and prolonging the (negative) DR;y wave has 
been described by Lloyd (1952), who has also illustrated the later phase of 
hyperpolarization (DR,y reversal) that appears under such conditions. As 
stated above, the DR,y wave of the active fibre is simply the ADP wave. 


mV 
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sec 400/sec 4 
— 10 sec 400/sec 
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Oe 9. Post-tetanic potentiation of ADP and DRP. B-F, intracellular recording of ADP’s 
and DRP’s of posterior tibial afferent fibre with membrane potential of —- 50 mV, depth of 
recording 0-8 mm and conduction velocity of 86 m/sec. The stimulus strength was straddling 
threshold throughout and A is control extracellular record for the same posterior tibial 
volley. A conditioning tetanus of 400/sec for 10 see was applied after B and the time in 
seconds after the end of the tetanus is shown for the subsequent records. G—J is a similar 
series for a sural afferent fibre with membrane potential of -55 mV, depth of recording 
0-8 mm and conduction velocity 60 m/sec. At the arrow there was a conditioning sural 
tetanus of 400/sec for 10 sec. K shows plotting as in Fig. 8J of post-tetanic potentiation 
of the ADP (filled circles) and DRP (open circles) for the series partly illustrated in G—J/. 
The control ADP and DRP responses are shown to the left of the two’ arrows which signal - 
the onset and end of the conditioning tetanus. 


A more complex situation arises when the afferent volley generates both 
an ADP and a DRP. It is then possible to discriminate between the effects 
_ of a conditioning tetanus on each by the technique of threshold-straddling. 
as described above. In Fig. 9B the ADP wave is shown superimposed on the 
DRP wave. The precise time course of the DRP is obtained (cf. Fig. 2) 
_ by subtracting the extracellular record of Fig. 9A. The conditioning tetanus 
of 400/sec for 10 sec increased both the ADP and the DRP (Fig. 9C), and this 
post-tetanic potentiation declined so that both the ADP and DRP were but 
little potentiated at 28sec (F). The same conditioning tetanus is seen in 
Fig. 9G—J to give a much larger potentiation of both the ADP and the DRP 
in another fibre, but all trace of potentiation had disappeared at 92 sec. The 
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time courses of the two potentiations for the @-J series are plotted in Fig. 9K. ) 


The potentiated ADP may actually be briefer than normal if it is superimposed 


on @ large potentiated DRP, as may be seen with two of.the cutaneous 
afferents in columns 7 and 8 of Table 1. 


A remarkable observation on post-tetanic potentiation was made by Woolsey 
& Larrabee (1940) and confirmed by Lloyd (1952). Tetanization of a dorsal 
root potentiated the DRP’s produced in that root by stimulation of that 
root or an adjacent root, but if the adjacent root was tetanized there was no 
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Fig. 10. Post-tetanic potentiation of DRP’s set up in a sural afferent fibre with resting membrane 
potential of -55 mV, depth of recording 0-8 mm and conduction velocity of 60 m/sec. 
With A-F and M-T DRP’s were set up, as indicated above, by stimulation of sural nerve 
(SU) with a stimulus just below threshold for the impaled fibre, so as to eliminate complica- 
tion by the ADP. With G—L and U-Z the DRP’s were set up by a maximum superficial 
peroneal volley (SP). The conditioning tetanus of 400/sec for 10 sec was applied to the sural 
nerve in the first two series, as shown by arrows labelled SU, and to the superficial peroneal 
nerve in the last two series between the two arrows labelled SP. The post-tetanically condi- 
tioned responses were recorded at the times indicated in seconds after thé end of the tetanus. 
Two superimposed traces were frequently recorded and two initial control DRP’s are seen in 
the M, N. For G and H the response produced by the superficial peroneal volley in the L7 
dorsal root is shown below the DRP. Same voltage scale for all records, but time scale is 
faster for the first series (A—F') than for the remainder. 7 


potentiation of DRP’s. With intracellular recording it has been possible to 
show that the specificity of potentiation invariably occurred with afferent 


volleys from different nerves as well as for dorsal roots. For example, in Fig. 10 


the micro-electrode was throughout in a primary afferent fibre from the sural 
nerve. In A—F there was the typical potentiation of the DRP by a conditioning 
tetanization of sural nerve, the testing stimulus being throughout just below 
threshold for the impaled fibre in order to avoid complication by the ADP. 
The same conditioning tetanus of the sural nerve is seen to cause a comparable 


potentiation of the DRP produced by a superficial peroneal volley (G-L). 
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However, tetanization of the superficial peroneal nerve had no effect on the 
DRP produced by a testing volley in this same nerve (U-Z). Finally, in M-T 
there was a sural testing volley and conditioning tetanization of the superficial 
peroneal nerve. The partial depression of the DRP during the tetanus (0) 
is attributable to occlusion by the background depolarization, while at 2-6 sec 
post-tetanically (P—R) there was a small evanescent potentiation of the DRP, 
but it was much smaller than in the first two situations. 

All investigators have found that a single conditioning volley causes a very 
large and prolonged depression of the DRP produced by a testing volley 
either in that root or an adjacent root. In confirmation of Koketsu (19562) 
the intracellular records were strictly comparable with those obtained from 
dorsal roots. | 

DISCUSSION 

Several different explanations have been suggested for the mode of production 
of the DRP, but so far all have of necessity been rather vaguely formulated. 
Barron & Matthews (1938) proposed that the activated presynaptic terminals 
liberated a substance, possibly potassium ions, that depolarizes all adjacent 
terminals as well as the activated terminals. An alternative possibility is that 
the presynaptic depolarization is due to a more specific chemical transmitting 
substance that is liberated from the activated terminals (Fatt, 1954). Bonnet 
& Bremer (1938, 1952), Eccles (1939) and Eccles & Malcolm (1946) doubted 

if this direct interaction between presynaptic terminals would account for the 
_ very large DRP’s produced in one dorsal root by a volley in an adjacent root. 
In particular it seems unlikely that a single presynaptic volley could produce 
an increase in the extracellular concentration of potassium ions that would 
cause the relatively large and prolonged depolarization of adjacent presynaptic 
terminals unless one postulates that extracellular diffusion does not occur 
freely. It was suggested alternatively that interneurones are concerned in the 
production of DRP’s and that convergence of afferent fibres from different 
dorsal roots on the same interneurones could provide the basis for the spread 
of the DRP to adjacent roots. Essentially the same explanation was adopted 
by Lloyd & McIntyre (1949). Possible modes of action of the interneurones 
on the primary afferent terminals would be by the flow of electric currents 
(Eccles & Malcolm, 1946; Lloyd & McIntyre, 1949) or by the action of a trans- 
mitter on the presynaptic terminals (Jung, 1953a, b). 

Intracellular recording from primary afferent fibres, together with the tech- 
nique of threshold-straddling, has shown that impulses in the impaled fibre 
‘have no specific action in producing the DRP’s, which contrasts with their 
exclusive relationship to the ADP (Figs. 2,6,9; Koketsu, 19566). Any chemical 
influence directly exerted by an activated afferent fibre would be expected 
to be much greater on itself than it would be on other fibres, which could be 
affected only after losses by diffusion; hence these observations support the 
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postulate that the DRP is produced as a consequence of interneuronal activa- 
tion. It has also been argued, but not so convincingly, that the occlusion 
between DRP’s produced by different afferents indicates that they are pro- 
duced by mediation of some common source, ‘presumably the interneurones, 
whereas the straight summation of the ADP’s produced by different volleys 
indicates their direct production by the presynaptic fibres. On the other hand 
ADP’s and DRP’s were similarly affected by polarization and by repetitive 
stimulation of the impaled afferent fibre (Figs. 6, 9). Since the post-tetanic 
potentiations of the ADP and DRP run time courses that are comparable 
with the after-hyperpolarization of the tetanized primary afferent fibres 
(Figs. 3, 8, 9, 10), it can be postulated in all cases that the potentiation is due 
to the hyperpolarization, whether consequent on activity or on the flow of 
extrinsically applied current. The greater relative potentiation of the ADP 
(Figs. 6, 9) is to be expected because the site of production of the DRP must 
be at the terminals of the primary afferent fibre, whereas the ADP is produced 
along the length of the fibres, though possibly more at the terminals, and 
certainly more in the intramedullary course of the fibre than in the dorsal 
root (Rudin & Hisenman, 1954a, 6; Wall, 1958). Polarizing currents applied to 
the dorsal roots would be acting more unfavourably in producing a hyper- 
polarization of the terminals (the site of DRP production) than of the afferent 
nerve fibre at the site of the intracellular recording, which would be the most 
effective site for production of the ADP actually recorded, despite its greater 
size at the terminal arborization (Wall, 1958). Actually such polarizing 
currents were found to have no detectable effect on the excitability of the 
terminals of the primary afferent fibres (Wall, 1958). 


Bonnet & Bremer (1952) have postulated that the DRP is produced by the 


action of electrical currents generated by interneurones that have synaptic 
potentials of comparable time course. As the micro-electrode was exploring 
the superficial region of the dorsal horn, several neurones have been impaled 
that corresponded closely to the postulates of Bonnet & Bremer. For example, 
in Fig. 11G@ a dorsal root volley caused a very large and prolonged depolariza- 
tion, the maximum being about 30 mV and the total duration being over 
200 msec in slower records that are not illustrated. The series of progressively 
increasing volleys from A to F reveal that this prolonged depolarization was 
made up of brief components of apparent unitary character that had a wide 
range of latency. It seems likely that in B, C and D there have been brief 
series of repetitive actions of the same presynaptic fibre, which would arise 
from some repetitively discharging interneurone. The isolated unitary ex- 
citatory synaptic potentials (EPSP’s) in A and B had a brief time course, 
summation of the whole asynchronous assemblage of repetitive and variously 


delayed EPSP’s giving the relatively smooth and prolonged time course seen — 


in F and G. 
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When the responses of such an interneurone of the dorsal horn are produced 
by volleys from the various afferent nerves, it is seen that muscle afferent 
volleys were generally less effective than cutaneous volleys in generating 
EPSP’s (Fig. 11H-U). It is also seen in O and P that small responses may 


10 msec BST 


FLD-PL 


Fig. 11. Excitatory post-synaptic potentials set up by single afferent volleys in neurones of the 
dorsal horn. Records A—G are for one neurone with a membrane potential of - 50 mV and 
depth of recording 1-2 mm. The size of the L7 dorsal root volley was progressively increased 
from A to G, and G was taken at a slower sweep speed as indicated. Same voltage scale 
throughout. H-N and O-U are series at slow and fast time bases for another dorsal horn 
neurone with resting membrane potential of -55 mV, and at a depth of about 1-0 mm. 
As indicated by the symbols, the records of the successive rows are evoked by maximum 
volleys in the seven different nerves arranged in the same sequence as in Fig. 5. Below each 
of the intracellular records of O to U there are the corresponding potentials recorded from 


L7 dorsal root as it enters the _— cord. Same voltage scale for all intracellular records 
of H-U, 


have much longer latencies, suggesting a pathway through several inter- 
neurones. The responses illustrated at slow. and faster speeds in H-N and 
O-U, respectively, correspond with the DRP’s illustrated in Fig. 5D, and 
give remarkable experimental support to the postulate of Bonnet & Bremer 
(1952). An unexpected feature of Fig. 11 is that the very large EPSP’s do 
not appear to generate spike potentials. Possibly spikes arise at some distance 
down the axon (cf. Edwards & Ottoson, 1958) and may cause little potential 
change in the intracellular record. 

The question now arises: how can such EPSP’s of interneurones effect the 
large depolarizations of the terminals of the presynaptic fibres that must be 
the cause of the DRP’s recorded in the primary afferent fibres, either in their 
intramedullary course or in the dorsal roots? Fatt (1954) suggested that the 
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synaptic transmitter substance liberated by presynaptic impulses at synapses 
on an interneurone would also act upon and depolarize the immediately 
adjacent presynaptic terminals on that cell. The long duration of the DRP so 
produced would be satisfactorily explained by the prolonged presynaptic 
bombardment that is responsible for the EPSP’s of Fig. 11. Thus the DRP 
would be generated as a consequence of a chemical transmitter mechanism. 
An alternative formulation of the chemical transmitter explanation would 
be that the substance acting on the presynaptic terminals was liberated from 
the depolarized post-synaptic membrane, which is essentially the suggestion 
made by Jung (1953a, 6) in his concept of ‘Riickmeldung’. Finally, the large 
and prolonged EPSP might be able to cause a flow of electric current which 
would directly effect the presynaptic depolarization, as suggested by Eccles 
_& Malcolm (1946) and Lloyd & McIntyre (1949). 

There is at present no experimental evidence distinguishing between the 
two proposed methods of production of the DRP by chemical transmitter 
action. However, the effects of polarization and of post-tetanic potentiation 
may help eventually in deciding between the chemical and electrical hypotheses 


for DRP production. It has already been concluded that the observed post- 


tetanic hyperpolarization provides a sufficient explanation of the post-tetanic 
potentiation of the ADP and DRP. Hitherto (Woolsey & Larrabee, 1940; 
Lloyd, 1952; Fatt, 1954) it has been postulated that potentiation of the DRP 
is simply due to the hyperpolarized primary afferent fibres acting as more 
effective electrotonic conductors of the same potential change in their termi- 
nals. It certainly would be surprising if the large potentiations seen in Figs. 9 
and 10 were produced in this way. It would also be surprising if a hyper- 
polarization produced by the application of a polarizing current acted in 
causing a greatly improved electrotonic ,condiction. A most attractive 
explanation is that hyperpolarization of the terminals causes them to be 
acted on more effectively by the chemical or electrical generating mechanism. 
On analogy with the general mode of action of depolarizing chemical trans- 
mitters (Fatt, 1954; Eccles, 1957; Katz, 1958), it would be expected that 
hyperpolarization of the terminals would remove their membrane potential 
further from the equilibrium potential for the ionic mechanism responsible 
_ for the depolarization, and so increase the flow of ionic currents, thus causing 


a larger DRP. However, an electrical generating mechanism of the type — 


responsible for the electrically transmitting synapse may also be very effec- 
_ tively increased by polarization (Furshpan & Potter, 1959). 


The slow potential wave of the dorsal roots that presents the most perplexing 


problem is the brief ‘positive wave that Lloyd & McIntyre (1949) found in 
passive roots and labelled DR,y in the belief that it was generated by the 
_after-depolarization (their DR,y) of the active root. With intracellular record- 
ing from primary afferent fibres it has been unusual to find any trace of the 
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expected hyperpolarization of a passive nerve fibre. As reported by Koketsu 
(19565) the intracellular record of increased negativity is matched by the 
extracellular record, as may be seen in Fig. 2#, where there is precise super- 
position of the two downward waves in A and C until the DRP begins at the 
arrow. Similarly in Figs. 5 and 9A, B, subtraction of the outside from the 
inside potentials shows that no appreciable hyperpolarization of the passive 
fibres preceded the onset of the DRP. Occasionally, however, a small hyper- 
polarization was revealed by this subtraction, e.g. of Fig. 6 F from £, and this 
would correspond with the depressed excitability found by Wall (1958) when 
stimulating the primary afferent fibres close to their entry into the cord. 

It will be noted in Figs. 2, 5, 6, 9 that the extracellular record reveals a 
considerable negativity relative to earth, but still larger negativities occur 
as the micro-electrode is moved into the dorsal horn (Coombs ef al. 1956; 
Koketsu, 19566; Fernandez de Molina & Gray, 1957), where the cutaneous 
primary afferent fibres terminate. Thus current would be entering the fibre in 
regions close to its cord entry and pass along it to the terminals, so giving rise 
to the hyperpolarization sometimes observed in the former situation. Doubt- 
less, the ADP of active fibres could also contribute to the flow of current and 
consequent hyperpolarization, because the ADP of the primary afferent fibres 
is larger in their terminals than along their shafts. However, the fields gener- 
ated in this way are very small, as may be seen by comparing the potentials 
produced in the dorsum of the cord by Group I volleys from muscle with those 
produced by cutaneous volleys (Bernhard, 1952, 1953; Bernhard & Widén, 
1953; Eccles et al. 1954; Coombs et al. 1956). In agreement with Hisenman 
& Rudin (1954) and Rudin & Eisenman (19454, b) it can be stated that | 
there seems to be no reason for attributing the production of this small 
and variable hyperpolarization especially to the flow of currents generated 
by the ADP of active fibres, as proposed by Lloyd & McIntyre (1949) and 
accepted by Wall (1958). Probably the potentials recorded by Lloyd & 
McIntyre in the dorsal root are largely generated by physical spread of the 
current generated in the dorsal horns. For example, such an explanation 
would be probable for their Fig. 5, where a wave labelled DR,y begins less 
than 2 msec after the entry of a volley by a contralateral root in a frog spinal 
cord. It is suggested that the use of the term DR,y should be discontinued, 


for much confusion has arisen by its application to two different phenomena 
that probably have little relationship. 


1. The responses of about 300 primary afferent fibres in the cat have been 
investigated by recording intracellularly from them shortly after their entrance 

- Into the spinal cord. Changes in membrane potentials are revealed by the 

difference between the intracellular and extracellular potentials. 
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2. When there appeared to be minimal damage by the micro-electrode, 
the resting membrane potential was about —70 mV and the spike potential 
90-100 mV, with a total duration of 0-5-0-6 msec. Satisfactory recording 
was possible only with cutaneous and muscle afferent fibres having peripheral 
conduction velocities over 60 m/sec, i.e. with diameters in excess of about 

10 p. 

3. With all types of nerve fibre the spike potential declined to a low pro- 
longed depolarization called the after-depolarization (ADP). The maximum 
of up to 2 mV declined to half usually in 10-50 msec after the onset of the 
spike. 

4. Besides the ADP that arose directly from the spike potential, many 
fibres exhibited a prolonged depolarization that was generated by impulses 
in other afferent fibres in the same or other afferent nerves. All the properties 
of this potential indicate that it is responsible for the dorsal root potential 
(DRP) that spreads electrotonically along a dorsal root. This intracellularly 
recorded DRP was largely produced by afferent impulses in cutaneous fibres, 
but muscle afferent volleys were sometimes effective in producing DRP’s in 
some ‘afferent fibres and DRP’s were recorded in some muscle afferent fibres. 

5. Both the ADP and the DRP were diminished by the central electrotonic 
spread of a depolarizing current applied to the dorsal root at its entry into 
the cord, and were increased by a hyperpolarizing current. 


6. After-hyperpolarization of the primary afferent fibres was regularly 


observed after repetitive stimulation and persisted for as long as 60 sec after 
a conditioning tetanus of 400/sec for 10sec. Correspondingly, there was 
a prolonged potentiation both of the ADP and the DRP of the tetanized 
fibre. Post-tetanic potentiation of the DRP was private to the tetanized 
fibres. Though afferent volleys were very effective in producmg DRP’s in 
passive fibres, no potentiation of such DRP’s followed their repetitive 
activation. 

7. Some observations support the suggestion that the DRP may be secon- 
dary to interneuronal activation. Interneurones with the requisite prolonged 
synaptic potentials have been found in the dorsal horn and possibly could 
depolarize the primary afferent terminals either by chemical mediation or by 
electrical action. This depolarization would spread samimaratass along the 
associated fibres, so giving the DRP. 


REFERENCES 


AMATNIEK, E. (1958). Measurement of bioelectric potentials with microelectrodes and neutralized 
input Inst. Radio Engrs Prans. med. Electron. P.G.M.E.10, March 1958, 
3-14. 


Austin, G. M. & orp G. P. (1955). Presynaptic somepeneet of intermediary cord potential. 
J. Neurophysiol. 18, 441-451. 

Barron, D. H. & Marruews, B. H. C. (1938). The interpretation of potential changes in the spinal 
cord. J. Physiol. 92, 276-321. 


~ 
Z 
; 
H 
4; 
aa 


272 J.C. ROCLES AND K. KRNJEVIC 


BERNHARD, C, G. (1952). The cord dorsum potentials in relation to peripheral source of afferent 
stimulation. Cold Spr. Harb. Symp. quant. Biol. 17, 221-232. 

Brrnuarpd, ©. G. (1953). The spinal cord potentials in leads from the cord dorsum in relation 
to peripheral source of afferent stimulation. Acta physiol scand. 29, Suppl. 106, 1-29. 

Bernuarp, C. G. & Winén, L. (1953). On the origin of the negative and positive spinal cord 
potentials evoked by stimulation of low threshold cutaneous fibres. Acta physiol. scand. 29, 

uppl. 106, 42-54. 

Bonnet, V. & Bremer, F. (1938). ‘Rtudes des potenticls électriques de la moelle épiniére faisant 
suite chez la grenouille spinale 4 une ou Si eux volées d’influx centripétes. C.R. Soc. Biol., 
Paris, 127, 806-812. 


Bonnet, V. & Bremer, F. (1952). Les potentiels synaptiques et la transmission nerveuse centrale. 
Arch. int. Physiol. 60, 33-93. 

Bremer, F. & Bonnet, V. (1949). Les potentiels synaptiques et leur interprétation. Arch. Sci. 
physiol. 3, 489-518. 

Brock, L. G., Coomas, J. 8. & Ecouzs, J. C. (1952). The recording of potentials from motoneu- 
rones with an intracellular electrode. J. Physiol. 117, 431-460. 


Brooks, C. McC, & Eccuzs, J. C. (1947). Electrical investigation of the monosynaptic pathway 
through the spinal cord. J. N europhysiol. 10, 251-274. 


Brooks, C. McC. & Fuorras, M. G. F. (1952). The relation of dorsal and ventral root potentials 
to reflex activity in mammals, J. Physiol. 116, 380-394. 

Brooks, C. McC. & Korzumi, K. (1956). Origin of the dorsal root reflex. J. Neurophysiol. 19, 
61-74. 

Brown, G. L. & Hotmsgs, O. (1956). The effects of activity on sien nerve fibres of low 
conduction velocity. Proc. Roy. Soc. B, 145, 1-14. 

Coomss, J. 8., Curtis, D. R. & Lanpe@ren, 8. (1956). Spinal cord potentials generated by impulses 
in muscle and cutaneous afferent fibres. J. Neurophysiol. 19, 452-467. 


Coomss, J. §., Eccuns, J. C. & Fart, P. (1955). The electrical properties of the motoneurone 
membrane. J. Physiol. 130, 291-325. 


Dopaz, F. A. & FRANKENHAEUSER, B. (1958). Membrane currents in isolated frog nerve fibres 
under voltage clamp conditions. J. Physiol. 148, 76-90. 


Eccxss, J. C. (1939). The spinal cord and reflex action. Annu. Rev. Physiol. 1, 363-384. 
Eccxies, J. C. (1957). The Physiology of Nerve Cells, xii+270 pp. Baltimore: Johns Hopkins 
Press. 


Eocuzs, J. C., Farr, P., Lanperen, 5. & Winssury, G. J. (1954). Spinal cord potentials 
generated by volleys i in the large muscle afferents. J, Physiol. 125, 590-606. 


Eccxss, J. C. & Kensevid, K. (19594). Afferent fibre potentials in the spinal cord. J. Physiol. 
146, 31-32 P. 

Ecougs, J. C. & Krnsevid, K. (19596). Presynaptic changes associated with post-tetanic poten- 
tiation in the spinal cord, J. Physiol. 149, 274-287. 


Eccxes, J.C. & Matcoim, J. L. (1946). Dorsal root potentials of the spinal cord. J. Neurophysiol. 
9, 139-160. 


Epwarps, ©. & Orroson, D. (1958). The site of impulse initiation in a nerve cell of a crustacean 
stretch receptor. J. ’ Physiol. 143, 138-148. 


Exsenman, G. & Rupin, D. O. (1954). The compound origin of potential in a stimulated dorsal. 
root. J. gen. Physiol. 37, 781-793. 


Farr, P. (1954). Biophysics of junctional transmission. Physiol. Rev. 34, 674-710. 

FERNANDEZ DE Moxina, A. & Gray, J. A. B. (1957). Activity in the dorsal spinal gray matter 
after stimulation of cutaneous nerves. J. Physiol. 1837, 126-140. 

Frssarp, A. & Marruews, B. H. C, (1939). Unitary synaptic potentials. J. Physiol. 95, 39-41 P. 


Frank, K. & Fuorres, M. G. F. (1955). Potentials recorded from the spinal cord with micro- 
electrodes. J. Physiol. 130, 625-654. 


FRANKENHAEUSER, B, (1957). A method for recording resting and action potentials in the iso- 
lated myelinated nerve fibre of the frog. J. Physiol. 135, 550-559. 


Forsupan, E. J. & Porrmr, D. D. (1959). Transmission at the giant syna of the crayfish. 
J. Physiol. 145, 289-325. 


Gasser, H. S. (1958). The pose positivity of unmedullated fibers of dorsal root origin. 
J. gen. Physiol. 41, 613-632 


Gasser, H.S. & Granam, H. T. (1983). Potentials gana in the spinal cord by stimulation of 
the dorsal roots. Amer. J. Physiol. 103, 303-320 


ity 
i 
3 
4 
4 


AFFERENT FIBRE POTENTIALS 273 


Gasser, H. 8. & Grunprest, H. (1936). Action and excitabilit 
J. Physiol. 117, 113-133. eitability in mammalian A fibers. Amer. 


Comey yA (1942). The effects of polarization on nerve action potentials. J. Neurophysiol. 5, 


GronpFssT, H. & Gasser, H. §. (1938). Properties of mammalian fibe 
tion. Amer. J. Physiol. 128, 307-318. Bs nerve fibers of slowest conduc 


Hopexin, A. L. & Huxtiey, A. F. (1952). A quantitative description of membrane current and 
its application to conduction and excitation in nerve. J, Physiol. 117, 
_ Hoxuey, A. F. & Srimprui, R. (1951). Direct determination of membrane testing potential, 
and action potential in single myelinated nerve fibres. J. Physiol. 112, 476-495. 
Juna, R. (1953a). Ciba Foundation Symposium The Spinal Cord, p. 130. London: Churchill. 


Jona, R. (19535). Allgemeine Neurophysiologie. In Handbuch der inneren Medizin. Berlin, 
Gottingen, Heidelberg: Springer. 


Katz, B. (1958). sa eae of the neuro-muscular junction. The chemo-receptor function 
of the motor end-p ns Hopk. Hosp. Bull. 102, 296-312. 
Koxetsv, K. (19562). Intracellular slow oe of dorsal root fibers. Amer. J. Physiol. 184, 


KoxKgETsU, K. (19565). Intracellular potential changes of primary afferent nerve fibers in spinal 
cords of cats. J. Neurophysiol. 19, 375-392. 


Lerrvin, J. V., HowLanp, B. & GesTeLanp, R. C. (1958). Footnotes on a headstage. Inst. Radio 
Engrs Trans. med. Electron. P.G.M.B. 10, March, 26-28. 

Luoyp, D. P. C. (1952). Electrotonus in dorsal nerve roots. Cold Spr. Harb. Symp. quant. Biol. 17, 
203-219. 


Luoyp, D. P. C. & Mcintyre, A. K. (1949). On the origins of dorsal root potentials. J. gen. 
Physiol. 32, 409-443. 

Matcotm, J. L. (1953). Some observations on dorsal root potentials. In Ciba Foundation 
Symposium T'he Spinal Cord, pp. 84-91. London: Churchill. 

Rensuaw, B. (1946). Observations on interaction of nerve impulses in the gray matter and on 
the nature of central inhibition. Amer. J. Physiol. 146, 443-448. 

Rircuts, J. M. & Straus, R. W. (1956). The after-effects of repetitive stimulation on mammalian 
non-medullated fibres. J. Physiol. 134, 698-711. 

papers ts O. & Eisenman, G. (1953). After-potential of spinal axons in vivo. J. gen. Physiol. 36, 
64 

Rupr, D. O. & Eisenman, G. AREAS). The action potential of spinal axons in vitro. J. gen. 

Physiol, 37, 505-538. 

Rupr, D. O. & Exsenman, G. (19546). On the role of the spinal afferent neuron as a generator 
of extracellular current. J. gen. Physiol. 37, 795-812. 3 

Scumitz, W. & Scuarrsr, H. (1933). Der Aktionsstrom des Nerven. Pfliig. Arch. 
ges. Physiol. 232, 713-726. 

TasakI, I. (1956). Initiation and abolition of the action potential of a singlé node of Ranvier. 
J. gen. Physiol. 39, 377-395. 

Tasax, I. & Mizvavon1, K. (1948). Response of single Ranvier nodes to electrical stimuli. 
J. Neurophysiol. 11, 295-303. 


Watt, P. D, (1958). Excitability changes in afferent fibre terminations and their relation to slow | 


potentials. J. Physiol, 142, 1-21. 

Wau, P. D. & Jonnson, A. R. (1958). Changes associated with post-tetanic potentiation of a 
monosynaptic reflex. J. Newrophysiol. 21, 149-158. 

Woopsury, J. W. & Patron, H. D. (1952). Electrical activity of single spinal cord elements. 
Cold Spr. Harb. Symp. quant. Biol, 17, 185-188. 

Woonsey, ©. N. & Larrases, M. G. (1940). Potential changes and prolonged reflex facilitation 
following stimulation of dorsal spinal roots. Amer. J. Physiol. 129, 501-502P. 

Woe D. 8. yeas Uber die positive Nachschwankung des Nervenstroms. Pfliig. Arch. 

es. Physiol. 206 -19. : 


+ 
+ 
x 
aid 
¥ 
5 
a 
: 
| 
{ 
& 
M3 
“ag 
io 
a) 


274 
J. Physiol. (1959) 149, 274-287 


PRESYNAPTIC CHANGES ASSOCIATED WITH POST-TETANIC 
POTENTIATION IN THE SPINAL CORD 


By J. C. ECCLES anp K. KRNJEVIC* 


From the Physiology Department, Australian National University, 
Canberra, Australia 


(Received 10 July 1959) 


Lloyd (1949) has put forward the following hypothesis of the mechanism of 
post-tetanic potentiation (PTP) of the monosynaptic reflex in the spinal cord 
of cats. After a tetanus, the presynaptic nerve fibre undergoes a phase of 
hyperpolarization, associated with larger spike potentials which initiate 
synaptic transmission more effectively. How much experimental evidence is 
available in support of this hypothesis? 

Gasser & Grundfest (1936) have analysed the post-tetanic hyperpolarization 
of mammalian peripheral nerves in some detail; they described a prolonged 
second phase (P,) which could last 1 min or even longer. Woolsey & Larrabee 
(1940) observed a similar phase of hyperpolarization in the dorsal spinal roots 
of cats, whose occurrence was later confirmed by Lloyd (1952). Koketsu (1956) 
and Wall & Johnson (1958) also found in cats evidence of reduced excitability 
of primary afferent fibres within the cord after a tetanus. In a preceding 
paper (Eccles & Krnjevi¢, 19596) we have demonstrated in the cat’s spinal 
cord a prolonged phase of membrane hyperpolarization in primary afferent 
fibres. 

There is much less evidence that the spike potential is enhanced after a 
tetanus. Woronzow (1924) suggested that spikes are larger in frog nerves and, 
in a recent paper, Gasser (1958) mentions that augmented spikes were often 
seen in the cat phrenic nerve, but the increases were very small, usually only 
of 1% or less. Lloyd (1949) himself recorded the intramedullary spike poten- 
tial evoked by afferent volleys. This triphasic spike was appreciably greater 
after a tetanus, and it gradually declined to its original size with a time course 
similar to that of the concurrent PTP of the monosynaptic reflex. Comparable 
changes in the presynaptic spike during PTP were seen by Liley & North 
(1953) at the neuromuscular junction in rats. Lloyd’s observation was only 


* Present address: A.R.C. Institute of Animal Physiology, Babraham, Cambridge. 
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) partly confirmed by Eccles & Rall (1951) who found, in particular, no correla-_ 


tion between the intramedullary presynaptic spike and the phase of early 
PTP which reaches its peak within 200 msec of the end of a tetanus. 
Changes in composite spike potentials recorded within volume conductors 
are notoriously difficult to interpret, especially when they are associated with 
a reduction in conduction velocity, as is always the case after a tetanus. In 


the present series of experiments, it was found possible to study with intra- 


cellular micro-electrodes changes in the membrane potential of afferent fibres 
inside the spinal cord over substantial periods of time (cf. Woodbury & Patton, 
1952; Frank & Fuortes, 1955). This presented an opportunity to test Lloyd’s 
hypothesis directly by recording the resting and spike potentials of fibres 
before and after a suitable tetanus. | 

As a further test, it was of interest to know whether hyperpolarization was 
in itself sufficient to enhance spike potentials, irrespective of the manner in 
which the hyperpolarization came about. It is well known that peripheral 
nerve spikes can be much increased by artificial anodic polarization (e.g. Bern- 
stein, 1866; Gotch & Burch, 1898; Bishop & Erlanger, 1926; Graham, 1942), 


but this had not been shown under the conditions of our experiments, and 
not while recording the full membrane poter.tial of mammalian fibres. Finally, 
an attempt was made to imitate PTP by polarizing afferent fibres artificially, | 


in the hope that the enhanced spikes produced in this way might be equally 
effective in bettering synaptic transmission (cf. del Castillo & Katz, 1954; 
Hagiwara & Tasaki, 1958). 

A brief report of the present results has already appeared (Eccles & Krnjevic, 
19594). | 


METHODS 


Experiments were performed on fifteen adult cats | anaesthetized with pentobarbitone. The © 


various techniques employed for intracellular recording, for stimulating afferent fibres and for 
polarizing spinal roots were gizuilar to those already described in the previous paper (Eccles & 
Krnjevié, 19595). 

In most cases post-tetanic changes in membrane resting and action potentials were studied as 
follows: when the micro-electrode entered an afferent fibre with a good resting and action poten- 
tial, both of which remained reasonably stable, regular stimulation of the corresponding peri- 
pheral nerve was begun at a frequency of about I/sec. After some 30 sec, the nerve was subjected 
to a. standard tetanus at a frequency of 400/sec lasting 10 sec. Precautions were always taken to 
keep the strength of stimulation well above the threshold for the fibre, to ensure effective tetaniza- 
tion at the point of recording. The recorded potentials were displayed on an oscilloscope screen 
after d.c. amplification, and photographic records were obtained throughout the series at intervals 
of 2 sec. Each frame therefore shows usually two superimposed traces. After the tetanus, stimula- 
tion was continued at 1/sec for 1 or 2 min. abe 

In a number of experiments a capacity neutralizing input stage was used to improve the fre- 
quency response of the recording system (cf. Eccles & Krnjevié, 19596). This made it possible to 
record spikes with a very much faster time course than usual. 
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RESULTS 

Post-tetanic changes in resting and spike potentials of primary afferent fibres 
In contrast to motoneurones, it is difficult to record resting and spike poten- 
tials from nerve fibres over an extended period, even for the 2-3 min required 
for a study of PTP. In the majority of cases resting potentials tended to 
diminish more or less rapidly after inserting the micro-electrode; as a rule 
the spike potential followed the resting potential fairly closely in its downward 


Fig. 1. Post-tetanic changes in resting and spike potentials recorded in low-threshold primary 
afferent fibres with micro-electrodes inserted into spinal cord of cat. In each series first 
record at extreme left is control obtained at 1/sec, 2-5 sec before stimulating fibre at 400/sec 
for 10 sec; other traces, also at 1/sec, followed end of tetanus at times indicated in seconds. 
Each record shows two traces superimposed; changes in resting potential can be seen with 
reference to fixed d.c. level of time trace. A: muscle afferent from flexor digitorum longus 
with conduction velocity of 90 m/sec, at a depth of 1-3 mm; initial resting potential —- 70 mV. 
B: cutaneous afferent from sural nerve with conduction velocity of 67 m/sec, at depth of 
0-8 mm; initial resting potential -60 mV. Second series was recorded with improved fre- 


quency response provided by neutralized capacity input: some of the spikes have been 
retouched. 


When the rate of fall was steady and not too rapid, post-tetanic changes 
could be seen superimposed on a sloping base line; such results gave useful 
information, although they are clearly not as satisfactory as those obtained 
under stable conditions. In many cases the fibre deteriorated so rapidly 
as to obscure any superimposed changes; these observations were rejected. 
It necessarily follows that our results are biased in favour of observations made — 


on stable fibres; this need not be a disadvantage, since we were primarily 


interested in larger afferents from the skin and muscles, which are likely to 
remain more stable. 

The kind of change which was seen is illustrated in Fig. 1. Two sets of traces 
are shown, A from a muscle afferent fibre (flexor digitorum longus) and B from 
a cutaneous afferent fibre (sural). The first trace in each sequence is a control 
recorded before the standard tetanus (400/sec for 10 sec). The other traces 
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were recorded at the various times indicated in seconds after the end of the | 


tetanus. Since d.c. amplification was employed, changes of the base line in rela- 
tion to the fixed time reference trace represent alterations in resting potential. 
It can be seen that a tetanus was followed by a phase of membrane hyper- 
polarization during which there was a pronounced increase in spike potential. 
In the best series the change in spike height was somewhat greater than the 
concurrent hyperpolarization, so that the summit of the spike was at an 
appreciably higher voltage than the normal (as in Fig. 1). 


Certain other changes could also be detected: the spike evidently travelled — 


more slowly and it had a slightly greater duration. All these changes were 
usually maximal within 10 sec of the end of a 10 sec tetanus, and then pro- 
_ gressively diminished, so that, as a rule, the spike returned to normal within 
1 min. The full time courses of the series of which samples are shown in 
Fig. 1A and B can be seen in Figs. 2 and 3, respectively. Other examples of 
typical observations are in Fig. 4, which shows changes in a fibre from a mixed 
nerve (posterior tibial (4A)) and in another cutaneous (superficial peroneal) 
afferent fibre (4B). : 


This type of definite change affecting both the resting and spike potential — 


was observed on twenty-two occasions. The amount of change was highly 
variable, but it never exceeded 12°% of the initial level: in most cases, the 
change was of the order of 5°. In a further number of experiments smaller 
changes in resting or action potential, or both, were seen, which were much 
less definite, often because of an unstable base line. Altogether, post-tetanic 
hyperpolarization was observed in thirty-one cases and an increase in spike 
height in twenty-three. 

Results were considered to be negative only in those experiments in which 
no changes could be detécted, even though recording conditions were sufli- 
ciently stable throughout the control and post-tetanic periods. By this 
criterion, there were only eight series with negative results. 

A record was kept of the depth (measured from the dorsal surface of the 
cord) at which observations were made. Positive results were obtained at all 
depths at which we were able to record from afferent fibres (down to 1-5 mm); 
there was no obvious correlation between depth and magnitude of post-tetanic 
changes. 

Repeated tetanus. In several cases conditions were so stable that it was 
possible to repeat the tetanus whilst recording from the same fibre. An 
example of such an experiment is shown in Fig. 5. About 90 sec after the 
first standard tetanus, a second tetanus was given to the nerve, again at 
a frequency of 400/sec, but lasting 30 sec instead of the usual 10 sec. There 
was a second, perfectly clear phase of PTP, although the amount of change 
was rather less than during the first trial, as was commonly the case. The 
rate of decay after a 30'sec tetanus was slower than after a 10 sec tetanus, In 


4 
“fi 
Kf 
4 
a 
~ 
be 
~ 


278 J.C. ECCLES AND K. KRNJEVIC 


agreement with the time course of PTP observed on monosynaptic reflexes 
(Lloyd, 1949). 

Other post-tetanic changes. Certain slow potential changes which are asso- 
ciated with activity can be recorded from afferent fibres with intracellular 
electrodes. An after-depolarization follows the spike in all fibres, and a very 
slow depolarization is conducted passively in cutaneous fibres from the region 
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Fig. 2. Complete sequence of post-tetanic changes in resting and spike potentials in muscle 
afferent fibre, already partly illustrated in Fig. 14; two arrows indicate 10 sec tetanus at 


400 /sec. 
E 2b 
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Time (sec) | 
Fig. 3. Complete sequence of post-tetanic changes in resting and spike potentials in cutaneous 


afferent fibre already partly illustrated in Fig. 1B; two arrows indicate 10 séc tetanus at 
400/sec. 
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of their terminals. These slow potential changes, but especially the after- 
depolarization, are substantially enhanced after tetanus, and gradually return 
to normal with a time course comparable with that of the PTP of the spike. 
These changes have already been fully described (Eccles & Krnjevié, 19599). 
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Fig. 4. Typical post-tetanic changes recorded in two other primary afferent fibres with micro- 
electrodes inserted into spinal cord; arrows indicate 10 sec tetanus at 400/sec. A: afferent 
fibre from mixed nerve (posterior tibial) with conduction velocity of 66 m/sec, at depth of 
1-2 mm; initial resting potential -55 mV and spike height 65 mV. B: cutaneous afferent 
fibre (from superficial peroneal nerve) with conduction velocity of 71 m/sec at depth of 1-3 mm; 
initial resting potential —- 60 mV and spike height 50 mV. eee 
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Fig. 5. Repeated post-tetanic changes recorded in same afferent fibre from hamstring nerve 
with conduction velocity of 100 m/sec, at depth of 1-2 mm inside spinal cord; initial resting 
potential —70 mV and spike height 75 mV. Note that first arrow indicates 10 sec tetanus 


at 400/sec and second arrow 30 sec tetanus at 400/sec. 
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Dorsal root reflex 


A dorsal root antidromic reflex discharge was not infrequently observed in 
fibres from cutaneous or mixed nerves (cf. Toennies, 1938; Frank, 1953; 
Koketsu, 1956; Wall, 1959). Asa rule there was only a single reflex spike, 
several milliseconds after the orthodromic spike (Fig. 6), even when very strong 
stimuli were used. In some cases, however, the reflex response became repeti- 
tive as the stimulus intensity was raised, but the number of reflex spikes was 
never greater than 3, as found by Frank (1953), but in disagreement with 
Koketsu (1956) and Wall (1959). On several occasions a repetitive discharge 
with a train of five or more impulses was recorded from interneurones during 


Dorsal root reflex 


~10 10 0° 50 60 
| Time (sec) 


Fig. 6. Antidromic dorsal root reflex recorded in afferent fibre of a mixed nerve (posterior tibia!) 
at depth of 0-6 mm, before and after 10 sec tetanus at 400/sec (shown by arrows). Fibre 
conduction velocity wa8 67 m/sec and initial resting potential -65 mV. Rate of stimulation 
was 1/2 sec, and records showing no reflex response are indicated by gaps (except during 
tetanus). Samples of records A without, and B with, reflex response are included; note 
that this consisted of only one additional spike. 


stimulation at a high intensity; such a discharge is in other respects similar 
to a dorsal root reflex (cf. Wall, 1959), but it can be distinguished if, for example, 
two stimuli are given in close succession, revealing the prolonged blocking 
effect of the antidromic dorsal root reflex. We confirmed previous observations 
that a reflex can be evoked with a stimulus which is subthreshold for that 
particular fibre (e.g. Frank, 1953; Wall, 1959). 

A reflex discharge was only observed in cutaneous or mixed nerve afferent 
fibres, never in a fibre from a pure muscle nerve: but on some occasions it 
could be elicited in a cutaneous afferent fibre by volleys in a muscle nerve. 
According to Koketsu (1956) the reflex response is depressed temporarily 
after a tetanus. In some of our experiments we examined the effect of a 
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tetanus on the incidence of reflex spikes. In nine out of ten trials the reflex 
discharge either vanished completely or became substantially less frequent 
for a period of some 30 sec (Fig. 6); only in one case did it become apparently 
more frequent. After this period of depression there was some suggestion of 
a rebound, so that the reflex discharge seemed to occur more regularly than 
before the tetanus. 


Effects of artificial polarization on membrane potentials 

Very large alterations in resting and action potentials of fibres were very 
easily produced by passing currents between two non-polarizable electrodes, 
one on the cut dorsal root distally, and the other either on the proximal part ~ 
of the root, or touching the surface of the cord close to the point of attachment 
of the root (cf. Kecles & Krnjevi¢, 19596). The intensity of current was varied 
so that a sequence of changes was observed, up to the point where excessive 
current caused a block of conduction (cf. Fig. 7). Observations were made on 

fibres at depths down to about 1-5 mm. : 

A characteristic sequence of changes recorded at a depth of 1-2 mm is 
shown in Fig. 7. (When describing the effect of the polarizing current, the 
sign of the impressed polarization refers of course to that at the proximal 
electrode.) Increasing anodic polarization (Fig. 7A) caused a progressive 
increase in resting potential, indicated by lowering of the base line in relation 
to the fixed d.c. level of the time reference trace. There was a corresponding 
increase in spike amplitude, which did more than match the change in resting 
potential, so that the peak of the spike tended to a higher absolute potential 
than before; the conduction velocity was at the same time much reduced. 
The spike height reached its maximum with a polarizing current of 15 »A; 
further increase to 20 »A raised the resting potential, and particularly the 
conduction time, even further, but the traces now showed intermittent block 
of conduction. | 

Changes in the opposite direction were induced by cathodic polarization 
(Fig. 7B). The membrane was progressively depolarized and spikes diminished, 
but the spike latency did not decrease appreciably, in fact, the latency became 
substantially longer with stronger currents. The reduction in spike height 
was exaggerated by the onset of partial nodal block, which became complete 
with a current of 25 uA. Post-cathodic or post-anodic overshoot was usually 
observed immediately after stopping the polarizing current, as can be seen 
in the last records of Fig. 7.4 and B. 

Such pronounced effects of polarizing currents were observed in thirty-one 
trials in four cats. The amount of change in spike height was usually between 
10 and 20% of the initial height, but greater changes, up to 40% of the initial 
height, were observed on several occasions, even at a depth of 1-5 mm. For 


a given intensity of current anodic effects were consistently greater than catho- 
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dic. These observations are in close agreement with the results of previous 
experiments described in the literature (e.g. Graham, 1942; Schoepfle, 1959), 

Effects of artificial polarization on monosynaptic transmission. An attempt 
was made to change excitatory post-synaptic potentials (EPSPs) recorded 
in motoneurones during stimulation of dorsal roots, by polarizing the relevant 


msec 


Fig. 8 

Fig. 7. Effect of artificial elentaation of pase root on resting potential and spike of primary 
afferent fibre at depth of 1-2 mm inside spinal cord. In A, proximal polarizing electrode was 
anode; in B, cathode. Strength of current is indicated in »A and the first and last trace in 

- each series is a control recorded immediately before and after polarizing. Initial resting 
potential was — 70 mV; each record consists of several traces superimposed. 

Fig. 8. Effect of anodic polarization of dorsal root on monosynaptic EPSPs recorded inside moto- 
neurone. Each record shows from left to right, stimulus artifact, spike indicating arrival of 
afferent volley, then rising phase of EPSPs leading to beginning of spikes at top right-hand 
corner; about ten traces are superimposed in each record. Top and bottom records are 
controls, others show EPSPs during polarization with currents of increasing strength 
(indicated in 4A); note progressive change in afferent spike, and greater latency and steeper 
slope of EPSP. 


afferent fibres at or close to the point of entry into the spinal cord. Although 
we were primarily interested in the monosynaptic EPSPs it was necessary to 
use quite strong afferent stimuli in order to mask changes in threshold pro- 
duced by the polarizing current at the site of stimulation on the cut dorsal 
root. The monosynaptic component of the EPSPs was therefore best studied 
by examining the slope of the initial rising phase. In most cases, the maximal 
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effects of polarizing currents were compared with the changes seen during 
PTP, after a standard 10 sec afferent tetanus at 400/sec. 

Experiments were performed on twenty-nine motoneurones in four cats. 
On the whole, it was not possible to produce consistent changes in EPSPs, 
except a depression as a result of a block of conduction ip the dorsal roots 
caused by excessive polarization, either anodic or catholic. Only in seven 
cases was there any reason to believe that anodic polarigation of the dorsal 
roots might enhance the EPSPs, and the changes in every case but one were 
so small as to be no more than suggestive. In the one case, anodic polarization 
had a quite definite and reversible potentiating effect, which could be repeated. 
This effect is illustrated in Fig. 8, where the slope of the rising phase of the 
EPSPs (at the right of each trace) becomes steeper, and a spike is initiated 
earlier, as the strength of the anodic polarizing current is raised to 30 pA. 
The potentiation is seen most clearly when the EPSPs are superimposed 
(allowing for the change in latency), but it is quite obvious if the third trace 
is compared with the first and the last, which are control records. 


DISCUSSION 


Post-tetanic changes in resting and action potentials v were not seen in every 
trial but this was usually because conditions for recording were not sufficiently 
stable. Positive results were obtained so often as to suggest that here was 
a regular phenomenon which might always be observed under ideal conditions. 
It was seen equally clearly in cutaneous and in muscular afferent fibres, and 
could be elicited more than once in the same fibre. 

An association between post-tetanic hyperpolarization and increase in spike 
height has thus been confirmed. This kind of change had been searched for in 
peripheral nerves but with only meagre results (Gasser, 1958). The greater 
increase in spike height observed in our experiments may represent a difference 
in the properties of nerve fibres near their terminals. Previous evidence 
(Woolsey & Larrabee, 1940; Lloyd, 1952; Rudin & Eisenman, 1954; Wall, 1958) 
suggests that post-tetanic hyperpolarization is more pronounced in the termi- 
nal region of the afferent fibres, inside the spinal cord, than elsewhere along 
their course. The presence of this gradient in the properties of the fibres is 
significant, as it might be objected that our observations were probably not 
made in the immediate vicinity of the fibre terminals and were therefore 
irrelevant from the point of view of synaptic transmission. All the evidence 
suggests that even greater effects would have been observed at the terminals. 
It should be added that even though intracellular recording from the actual 
terminals is very unlikely to have occurred, many of our observations were 
made well within 1 mm of the terminals of cutaneous afferents in the dorsal 
horn, and within 2-3 mm of the terminals of muscle afferents in the ventro- 
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lateral horn. Other observations confirm our belief that post-tetanic hyper- 
polarization also occurred at or very near the terminals; e.g. the clear PTP 
of the dorsal root potential conducted passively from the terminal region 
(Eccles & Krnjevié, 19596) and the post-tetanic depression of the dorsal root 
reflex discharge (cf. Koketsu, 1956), which also probably originates at a point 
close to the terminals. 


Relation between hyperpolarization and spike height 

The similarity between the time courses of the changes in spike height and 
resting potential indicate a simple relation between them. In support of this 
there was also usually good agreement with respect to the amount of change, 
although in the best series the increase in spike height was slightly more than 
was needed to compensate for the higher resting potential. Further support 
is given by the ease with which the spike height could be raised when fibres 
were hyperpolarized artificially. These various observations suggest that the 
post-tetanic hyperpolarization is the basic phenomenon and that most other 
changes are mainly of a secondary nature: e.g. the reduced excitability (Wall 
& Johnson, 1958); the PTP of the after-depolarization and of the dorsal root 
potential (Eccles & Krnjevi¢, 19596); the depression of the antidromic dorsal 
root reflex discharge, and, of course, the augmented spikes. 


Connexion between presynaptic potential changes and PT P 

There seems little doubt that a prolonged tetanus is followed by a period 
during which afferent spikes are augmented, as was suggested by Lloyd (1949), 
and that the rate at which spikes return to their normal amplitude is often 
comparable with the time course of the PTP of the post-synaptic potential 
observed in motoneurones (cf. Eccles, Krnjevié & Miledi, 1959). Post-synaptic 
PTP actually lasts somewhat longer than the observed phase of augmented 
presynaptic spikes; this may be a real difference, but may perhaps be an experi- 
mental artifact caused by the very much greater difficulty of recording stable 


potentials from the afferent fibres for any length of time. 


One can postulate several ways in which post-tetanic increase in presynaptic 
spike amplitude might improye synaptic transmission: | 
1. On an electrical hypothesis, the effectiveness of transmission is clearly 
dependent upon the magnitude of the presynaptic current. | 


2. All the numerous terminal filaments of a single afferent fibre may not 
normally be invaded by an impulse. After a tetanus even a small change in 
spike height may improve the safety factor for conduction at a significant 


_ number of bifurcations to cause invasion of many more terminals (cf. Adrian 


& Lucas, 1912; Brown & Harvey, 1938; Frank, 1950). 


: 
: 
% 
ry 
4 
} 
oe 
By 
tie 
4 
$35 
if 
| 
‘es 
d 
f > 
x, 


PRESYNAPTIC CHANGES DURING PTP 285 


3. A larger spike may release the chemical synaptic transmitter in greater 
amounts. Del Castillo & Katz (1954) and Liley (19565) found that the spon- 
taneous reiease of transmitter at the neuromuscular junction can be altered 
by polarizing the nerve. According to Liley (19565) there is a simple but very 


steep logarithmic relation between the potential of the nerve terminals and the - 


rate of release: if such a mechanism obtained in the spinal cord, quite a small 
change in spike height might well be enough to produce the observed increase 
in EPSP (about 70%, Eccles e al. 1959). However, the magnitude of this 
effect will depend very much upon whether it is determined by the change in 
absolute voltage at the summit of the spike, as suggested by Liley, or by the 
change in spike amplitude as measured from the hyperpolarized base line. 

Existing evidence tends to support the last hypothesis. Hagiwara & Tasaki 
(1958) have been able to study directly the relation between the size of the 
presynaptic spike and post-synaptic potentials at the squid giant synapse, 
which has no presynaptic branching. They found that small presynaptic 
changes had a very large post-synaptic effect, and concluded that their 
observations were most consistent with a chemical mechanism of transmission. 
It seems that, in so far as PTP can be ascribed to a temporary increase in the 
presynaptic spike, the process is probably of the type described in the third 
hypothesis. Our observations do not allow us to decide what part, if any, 
is played by various other factors held to be responsible for PTP, such as an 
alteration in ionic balance, swelling of the synaptic boutons, or greater 
mobilization of the transmitter stored in the terminals (cf. Liley & North, 
1953; Liley, 19562). | 

The inconclusive results of our attempts to change monosynaptic EPSPs 
in motoneurones by polarizing afferent fibres are in keeping with the negative 
results previously obtained in comparable experiments on the spinal cord 
(Frank, 1950). They are probably a reflexion of the difficulty of producing 
adequate electrotonic changes in membrane potential at the presynaptic 
nerve endings on the motoneurones (cf. Wall, 1958), caused by the relatively 
great distance between the polarizing electrodes and the endings, the profuse 
- branching of the afferent fibres, and a high rate of spatial decrement along the 
fine terminal branches. At the neuromuscular juncffpn the end-plate potential 
can be altered only if the motor nerve is polarized close to the nerve endings, 
and even then only in a certain proportion of cases (del Castillo & Katz, 
1954), 


SUMMARY 


1. Intracellular recording from low-threshold primary afferent fibres inside » 


the spinal cord of cats has shown that a tetanus (400/sec for 10 sec) is usually 
followed by a rise in membrane resting potential and larger spikes. 
2. The magnitude of the changes in. membrane potentials is commonly of 
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the order of 5-10; when recording conditions are optimal, the increase in 
spike height clearly exceeds the amount of hyperpolarization. 

3. Such effects of a tetanus persist for periods of up to 1 min; they are 
repeatable, and they can be seen as often in afferent fibres from muscle as from 
the skin. 

4. Similar but even more pronounced changes can be produced in afferent 
fibres by anodic polarization of the dorsal roots; however, attempts to alter 
post-synaptic potentials, recorded in motoneurones, by polarizing presynaptic 
fibres in the dorsal roots have not given very conclusive results, probably 
because the effects of dorsal root polarization do not extend as far as the 
presynaptic terminals. 


5. These observations are consistent with the hypothesis that larger pre- 


synaptic spikes are at least partly responsible for peerunnn potentiation of 
synaptic transmission. 
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RETINAL STIMULATION BY LIGHT SUBSTITUTION 


By K. 0. DONNER ann W. A. H. RUSHTON 
From the Physiological Laboratory, University of Cambridge 
(Received 4 May 1959) 


Ten years ago the authors first met each other in Stockholm, working in 
Professor Granit’s laboratory, and seven years later in Cambridge were able 
to combine in some research whose foundations had been laid then. In pre- 
senting our results in the following four papers, we should like to express our 
debt to Ragnar Granit from whom we have learnt so much. 

Most of our knowledge as to the nature of the visual process has come from 
subjective observations upon the human eye. A great objective stride was 
taken when Hartline (1938) succeeded in obtaining records from a single 
optic nerve fibre in the frog, and Granit’s (1947) modification of the technique 
has enabled the study to be extended to a wide range of vera including 
several mammals. 

All the eyes studied exhibit adaptation to light and darkness and most of 
them have two distinct mechanisms: scotopic, which shows the spectral 
sensitivity of rhodopsin (or porphyropsin in fresh-water fish), and photopic, 
whose sensitivity is displaced some 50 my towards the red end of the spectrum. 
So much is consistent with the well-known Duplicity theory, and the results 
are usually interpreted in terms of alternative rod and cone mechanisms. 
However, in detail the structure of fact is not at all simple, and our knowledge 
of colour mechanisms far from complete. For although the scotopic dominator 
curve (when it coincides with the absorption spectrum of rhodopsin) represents 
fairly obviously the sensitivity of the rhodopsin-containing rods, it is not 
clear what to think about the photopic dominator. It might represent the 
action spectrum of a single visual pigment contained by most of the cones, 
or it might result from the convergence upon the ganglion cell studied of 
nerves from two or more different kinds of cones, each with its own visual 
pigment. Many possibilities of rod-cone or cone-cone interaction come to 
mind, but the histology of the retina gives: little ennormageniant to one’s 
inclination to propose something simple. 

Nearly all the measurements of spectral sensitivity made with micro-elec- 
trodes have been observations of the absolute threshold; that is, the brightness 
of the light just sufficient to produce a response when flashed upon the eye 
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previously dark. This technique has two disadvantages. First, the absolute 
threshold is enormously dependent upon the state of adaptation of the eye, 
and this is nearly impossible to maintain at the required steady level through- 
out a long run of measurements which require the eye to be kept in darkness 
while threshold test flashes are periodically applied. Secondly, it is hard to 
_ know whether the threshold sensitivity curve obtained arises from one or 
from several different kinds of receptor, and if from several in what way they 
interact to determine the threshold observed. It was in an attempt to overcome 
these difficulties that the technique of stimulating by light substitution was 
developed. 

The eye is adapted to a steady monochromatic light of any desired colour 
and brightness, and this is suddenly replaced by a different light. If the 
_ second light were identical with the first, obviously no optic nerve signal could 
arise, but if the intensity were different though the colour were the same, an 
‘on/off’ response would appear when the intensity change, AJ, exceeded the 
value given by the Fechner fraction AI/I for that ganglion cell at that level J 
of adaptation. Clearly, then, when the adaptation light changes to one of the 
same wave-length and back, the substitution will only be ‘silent’ when the 
intensity difference lies within the Fechner interval. 


What is to be expected when the two lights are of different colours? If all | 


the receptors connected to the ganglion cell under observation contain thé 
same visual pigment then any two lights equally absorbed by the pigment 
will be equivalent as stimuli, and hence their exchange is bound to be ‘silent’. 


For each wave-length, therefore, there will be a particular intensity per-. 


mitting silent substitution, and this intensity (in quanta/sec) is inversely 
proportional to the absorption of the visual pigment at that wave-length. 
If, on the other hand, more than one type of receptor is connected to the 
ganglion cell, either it will be impossible (in general) to obtain a silent substi- 
tution or else there must exist a special organization among the receptors, 
which this technique can help to elucidate. | 

A further advantage of the method is that it works at a fixed adaptation 
ievel which may be set at any desired value. The measurements ideally never 
leave this level, and even if the preparation is not fully adapted to it, that will 
not affect the substitution thresholds. In the present paper the technique is 
applied to the analysis of responses from single ganglion cells in the excised 
eye of the frog under various conditions of adaptation. 


METHODS 

Optics 
' The aim was to shine upon the frog’s exposed retina a small, uniform circular field of selected 
colour and intensity, and then to substitute a different colour with an intensity which could be 
accurately adjusted over a good range. It was decided not to effect light substitution by using 
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a shutter to exclude one light and admit the other, as it was thought possible that the eye might 
detect and signal the flick of the shutter, which could erroneously be interpreted as the detection 
of colour change. 

The method used was to introduce the two alternative lights upon the same optic HES, but 
each plane-polarized at right angles to the other. Then rotation of a polaroid in the common 
beam from 0 to 90° would change the stimulus entirely from one light to the other, and at any 
intermediate angle 6 the light admitted would be 


+ y cos*é 


where x, y are the energies of the two lights. If only éne pigment is involved, and z and y are 
- adjusted to have equal absorption A, then at @ the absorption will be 


A(sin*@ + cos*#) = A for all values of 6. 
lL, Py 


i M, 
Li 
P; 
C, p, 


Fig. 1. Diagram of se arrangement (see text). 


Thus the rotating polaroid achieves the condition that if the brightness is matched for the two 


extremes of the change, the retinal field will be uniform and of this same brightness for every 
_ intermediate angle. It was a routine test to obtain the silent substitution when the lights were 
‘identical’. The fact that this was always possible proved that the change in the plane of polariza- 
tion itself was not detected by the retina. (It had previously been shown to be undetectable in 
man by de Vries, 1948, p. 345.) 

Figure 1 indicates the optical arrangement employed. The light source was a 6 V car head- 
lamp with a straight vertical filament run from a car battery. The two light paths after reflexion 
in prisms were united by transmission and reflexion at the thin glass plate M, and the two images 
of the filament formed upon the lens L, by the lenses L, and L, adjusted to coincide. Now L, 
and L, are uniformly illuminated, hence the image of them which L, forms upon L, constitutes 
a uniform field which is limited in size by the iris stop D. L, is, in effect, the Maxwellian lens for 
the frog’s retina and focuses the image of the filament formed at L, upon L;, which replaces the 
frog’s own lens and projects the uniform field of the stop D upon the exposed retina R. 

It is of great importance that in stimulating by substitution nothing should change except the 
wave-length and the intensity. In particular, the edges of the fields and the direction of incident 
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light should not alter. This is secured by the use of achromatic lenses, the coincidence of the 
filament images at L, and the fixed limit to the retinal field defined by the stop D, which is 
projected upon the retina reduced to 1/10 of its linear size. 

The light paths 1 and 2 were polarized by polaroids P, and P, in directions favourable for 
reflexion and for transmission, respectively , at the glass plate M. The polaroid P, in the common 
beam was mounted in a ball-race; it was arranged so that by pulling a string in opposition to 
a spring it rotated through 90° and replaced the adaptation beam 1 by the test beam 2, and 
sprang back upon release. 

Twelve interference filters were used to obtain ‘monochromatic’ lights. They were employed 
in conjunction with dyed gelatin filters to restrict further the spectral range of transmission. The 
band widths were all about 10 my, and wave-lengths for maximum transmission were, 419, 436, 
464, 492, 516, 527, 552, 576, 590, 615, 646, 659 my. These filters each with its gelatin corrective 
were mounted upon a wheel so that any filter pair could be instantly swung into the optic path 
at C’,. For each individual experiment one filter pair was removed from the wheel and placed in 
the adapting beam at C,. When for a particular measurement this filter needed also to be at C, 
it was placed in the common beam at C,, and the wheel C, was turned to present the gap left by the 
removal of the filter. In this way any colour combination was easily achieved. 

Intensity variation was produced by neutral filters F,, F, and by the neutral wedge W which 
was 15 cm long and with maximum density 3. It was important to introduce a small reversed 
wedge as compensator, otherwise the retinal field due to this path was not uniform, and conse- 
quently in changing to the uniform field of the other path some parts of the retina must inevitably 
be mismatched. And indeed our attention was drawn to this because no silent substitution was 
obtained even between what we had supposed were identical fields. 


Calibration and plotting 
The reiative energy of light passed by the various filter pairs in conjunction with the rest of 
the equipment. was measured by receiving the radiation upon a Rb cell calibrated by the 


National Physical Laboratory. Infra-red was largely excluded by a filter with a sharp cut-off . 


interposed during both the calibration and the subsequent experiment, and all the radiation 
passed was treated as though it were monochromatic, of wave-length corresponding to the peak 
transmission. 

With the knowledge of this calibration and of the density of the neutral filter and wedge 
interposed, the relative energy (quanta/sec) may easily be calculated. It is, however, often very 
valuable to be able to obtain this result at once and to plot the log. spectral-sensitivity curve 
point by point as measurements are made. It was easy to do this by a simple device. A ruler 
graduated in millimetres was constrained to move so that its edge kept parallel to the axis of log. 
sensitivity. The zero of the scale was notched so that it would engage a small nail. Suppose now 
that the nail were driven into the plotting board at a point whose abscissa represented the wave 
length of one of the filters and whose ordinate represented the calibrated energy of light through 
that filter, plotted as minus log. energy upon a scale of 5 cm/log. unit. Then the log. sensitivity 
measured when x mm of wedge is introduced into the light path is plotted simply by placing a 
mark on the paper at the point x mm on the ruler whose zero notch engages the nail. It is thus 
only necessary to drive the 12 nails into the plotting board in the right places, corresponding to 
the wave-lengths and calibrated energies of the 12 filters, for the log. sensitivity from any wedge 
setting to be instantly plotted. 


Prepardtion and recording : 

The experiments were all carried out upon excised, opened frog’s eyes from which the front 
half had been removed by a cut round the equator. The vitreous, which is fluid enough to be 
absorbed by fragments of blotting paper, was removed to allow freer access for oxygen. The eye 
was then set up in the apparatus upon a pad moistened with Ringer’s solution and connected to 
the indifferent lead to the amplifier. The eye lay on its back and looked up at the lens L, (Fig. 1) 
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which was held in a horizontal plane by one arm of a micromanipulator. It thus could be accurately 
moved both vertically to focus the stop D upon the retina, and in the horizontal plane to displace 
the field across the retina in any direction. 

The other arm of the manipulator held the micro-electrode. This was usually a 10 » Pt wire in 
glass sealed at the tip, but was sometimes a drawn silver-in-glass electrode (Svaetichin, 1951) 
with tip diameter of 5-10 x. There was considerable variation in ‘goodness’ between one electrode 
and the next, but little to choose between the two types. The impulses were amplified and led to 
a cathode-ray tube and loudspeaker in the usual way. 

The micro-electrode was brought into contact with the retina and the surface explored for a spot 
giving good isolated impulses from a single ganglion cell (cf. Barlow, 1953a). In some prepara- 
tions it was difficult to find an active cell, in others the first attempt was successful. All the 
experiments were carried out on apparently single spikes from ganglion cells, easily distinguished 
from the smaller and briefer impulses due to the fibres in the optic nerve. We were able to confirm 
Barlow’s (19536) observation that ganglion cells had receptive fields centred at the tip of the 
electrode, and our fields were usually 0-2-0-5 mm in diameter centred in this way. 

The preparation was contained in a small box blackened within, and the experiments were 
performed in a dark room. The stimulus light was led through a tube 20 cm long and 5 cm wide 
and stray light was further excluded by covering the box with a black cloth. 


RESULTS 


Scotopic sensitivity of the human eye 

In order to verify that the principle of the method was correct sd: to check 
our energy calibrations, some preliminary experiments were performed with 
the dark-adapted human eye. The final lens L, (Fig. 1) was shifted and used as 
an eye-piece through which L, was seen by peripheral vision as a large uniform 
field. The adapting light was a white light of low luminance and this was 
matched in turn by the various monochromatic lights, the subject himself 
turning the polaroid P, and adjusting the wedge until no change of brightness 
was seen. It was always possible to match the lights perfectly in this way over 
a very small intensity range, provided that the intensities used were below the 
chromatic threshold. 

_ The results plotted as described under Methods are shown in Fig. 2 for 
the subject K.0.D. (aged 34 years). The dots give, for each wave-length, the 
scotopic log. sensitivity, and the curve is from Crawford’s (1949) authoritative 
scotopic values for the age-group 30-40 years, plotted upon a quantum basis. 
The wave-length scale is linear for frequency. The good correspondence 
confirms our energy calibrations and demonstrates for human rods that the 


technique is satisfactory and may be used to determine the action spectrum 


when it is known that only one visual pigment is involved. The method was 
found to be rapid, convenient and accurate. 


Single ganglion of the frog’s retina 
The discharges observed were fairly slow diphasic spikes of 50-100 pV (sce 
Barlow, 1953a), which could be well isolated, recognized throughout the 
experiment by small characteristics of the individual wave form, and main- 
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tained under the electrode for several hours in favourable cases. Usually 
‘on/off’ elements were selected with good intensity discrimination so that 
when changing to a light of the same colour the intensity range over which the 
substitution was ‘silent’ was only 0-2-0-05 log. unit. If, however, the new 
light was of different colour, it was found that the elements behaved in one 
of two ways. Hither the silent interval remained about the same in extent no 
matter what was the colour change, or it diminished rapidly to zero as the 
colour difference increased, so that no silent change was possible if the test 
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Fig. 2. Human scotopic sensitivity measured by light substitution. Abscissae: wave-length 
plotted upon a scale linear for frequency. Ordinates: log. quantum sensitivity (on left), 
log. quantum energy (on right) in arbitrary units. Points represent energies where no change 
was detectable. The curve is Crawford’s (1949) human scotopic sensitivity function for the 
range at appropriate age group (plotted upon a quantum basis). 


light differed much in wave-length from that of the adapting light. Clearly 
the first type alone is suitable for the investigations of this paper, so in 
searching for suitable elements those of the second type were rejected. We 
made no systematic attempt to estimate the relative frequency of the two 
types, but we have the impression that about 80% of well isolated spikes gave 
a ‘silent’ change. Only rarely had the element an identical threshold for ‘on’ 
and for ‘off’. If ‘on’ was the lower, then there was a discharge on changing to 
a brighter light but not upon return (if the brightness difference was near 
threshold). Likewise there was only a discharge upon return if the comparison 
light was the dimmer. Thus the silent interval recorded corresponds to the 
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‘on’ or the ‘off’ effect alone, whichever is the more sensitive. This behaviour 


of the element was very convenient, since during an investigation one knew 
whether the comparison stimulus was too weak or too strong by noting whether 
the discharge was at ‘change’ or at ‘return’. Substitutions were repeated at 
intervals not less than 10 sec, and the comparison field was exposed for about 
1 sec. Rapid repetition resulted in ‘fatigue’ of the intensity discriminating 
mechanism, so that the brightness difference had to be much increased before 
a discharge resulted, and in some cases the silent interval could be extended 
over the range of 1 log. unit as a consequence of rapid trials. With proper 
precautions, however, the measurements were stable and reliable, as may be 
appreciated from the results now to be described under three heads. 

Low-intensity adaptation. The dissection was usually performed in daylight 
and then the eye was set up and allowed to become dark-adapted for 1-2 hr 
(Zewi, 1939). The light-substitution measurements were then made by using 
an adaptation light of 10-50 times the absolute threshold of the element re- 
corded—about 10* quanta/mm? per second or 0-02 quanta absorbed per rod 
per second (A = 500 my). 

A typical result is shown in Fig. 3.4, where the thick bar at 492 my bi Moates 
the adaptation wave-length, and the vertical bars show the width and position 
of the silent intervals when various wave-lengths were substituted. The vertical 
length of the thick bar represents the Fechner interval for the element, and if 


only a single visual pigment were involved all the other bars should be of 


equal length, and should lie upon the log. absorption curve of the pigment. 


For in that case a change from one light to another will not alter the rate at 


which quanta are absorbed by the receptor and hence cannot be detected by it. 
The curve is the log. absorption curve for a digitonin extract of frog’s rhodop- 
sin, plotted from accurate figures kindly sent us by Dr H. J. A. Dartnall. 
These results are similar to the human measurements (Fig. 2) and confirm 
the well-known fact that at very low levels of adaptation the spectral sensi- 
tivity coincides with the absorption of rhodopsin, and presumably the 


rhodopsin-containing rods are the only receptors involved, These results were _ 


independent of the wave-length of the adapting light. 
Figure 3B gives the relative sensitivity of the same element as 3.4 when 
the intensity of the adapting light had been increased 400 times. The curve is 


_ plotted displaced vertically for clearness (for obviously the middles of the 


thick bars which represent ‘no change of light’ must always coincide). These 
results illustrate three regularly occurring features. (i) The Fechner interval 
is reduced (as it is in man).. (ii) The sensitivity curve no longer agrees with 
the absorption of rhodopsin but shows an increased sensitivity towards longer 
wave-lengths. (iii) But there is still the condition of silent substitution, and 
the reduced Fechner interval is constant throughout the spectrum. 


High-intensity adaptation. When the experiments were performed with the — 
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light-adapted eye, either immediately after dissecting in daylight or after 
additional light-adaptation of the opened eye with white light of full strength 
from the apparatus, the characteristic result was as that shown in Fig. 4. The 
intensity of the coloured adaptation light in these experiments was nearly 
the maximum available, and 1000-10,000 times stronger than that used for 
Fig. 3A, i.e. about 10’ quanta/mm? per second (A = 550 my). : 


Or 


log. quantum energy <———— 
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Figs, 3-6. All these plot wave-lengths horizontally upon a scale linear for frequency and log. 
quantum energy vertically downwards (onright) or log. quantum sensitivity upwards (on left). 
The thick bar indicates the wave-length and relative energy of the adaptation light. Its 
vertical extent shows the ‘silent interval’ (= - Fechner fraction). The other vertical lines 
show silent substitution and indicate the wave-length, the light energy and the intensity 
at which a silent change is possible. 


Fig. 3. A, results with adaptation intensity 10-50 times the full dark threshold; the curve is that 
of rhodopsin absorption (Dartnall). B, adaptation intensity 400 times that in A; points and 
curve all displaced upwards for clearness. 


Figure 4A shows the results of two experiments performed upon a single 
element; in one the adaptation light was of wave-length 492 my (rectangles) 
and in the other (lines) it was 576 mp, the intensity being about the same in 
the two cases. The following features were regularly found. (i) Silent substi- 
tution could always be made between any two wave-lengths. (ii) The Fechner 
interval was constant over the whole curve. (iii) The curve was nearly identical 
with Granit’s (1942) photopic dominator. (iv) There was no selective adapta- 


tion, since the curve for silent substitution is identical in shape whether 
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adaptation is at 492 or 576 mp. It will be observed that if the photopic 
dominator involved only a single visual pigment, whose absorption spectrum 
corresponded to the photopic dominator curve, all the features just mentioned 
must necessarily follow. 

Figure 4B gives the results of measuring the photopic dominator on eleven 
different elements with adapting wave-length 576 my in every case. The size 
of the ‘points’ in this plot gives the average + the standard deviations of the 
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Fig. 4 (see legend Fig. 3). A, adaptation intensity 1000-10,000 times that in Fig. 3.4. Rectangles, 
adaptation to 492 my; lines, adaptation to 576 mu. The relation does not show any selective 
adaptation. The curve is our redetermination of Granit’s photopic dominator (plotted upon 


@ quantum basis). B, mean+s.p. (11) of photopic silent substitution curves. Interrupted 
curve, Granit’s photopic dominator. 


mean for the eleven measurements at each wave-length, a measurement being 
the wedge reading corresponding to the centre of the silent interval as plotted 
in Fig. 4.4. | | 

The dotted curve is Granit’s photopic dominator in the frog (Granit, 194°, 
fig. 9) replotted upon a quantum basis. .Our curve (which is also drawn i 
Fig. 4.4) seems to show a small but consistent deviation from Gtanit’s. We ¢» 
not know what to think about our low sensitivity at 590 my. 

Mesopic adaptation levels. It is convenient to have terms to describe the 
various states of adaptation seen in the frog’s retina. After 2 hr of dark- 
adaptation the condition shown in Fig. 3A is reached, where the spectra! 
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sensitivity corresponds to the rhodopsin absorption, and presumably rhodopsin 
rods alone are active. This may be called the scotopic state. In strong light 
quite a different spectral sensitivity is found, the photopic dominator (Fig. 4), 
and this condition is photopic. 

Between these two levels there exists a wide region of retinal illumination 
(10°— 10* quanta/mm? per second, A = 500 mu) which may be called mesopic, 
where the spectral sensitivity differs significantly from both photopic and 
Or- 


log. quantum energy 


log. quantum sensitivity 


420 | 600 660 


Fig. 5 (see legend Fig. 3). A, adaptations to 464 and 576 my at intensity levels about that of 


Fig. 3B. B, adaptations 25 times as bright as in A. Full curve is rhodopsin absorption. 


scotopic but lies nearer the latter. An example is seen in Fig. 3B showing 
extra sensitivity in the green, and the curve of Fig. 5A exhibits in addition 
some extra sensitivity in the blue, beyond that expected of rhodopsin (full 
curve). We are confident that the low value of the 492 my point in Fig. 5 A is 
no error of determination or of calibration, for the dip here was repeatedly 
verified in the mesopic state, and was always absent in scotopic determinations. 

Figure 5A shows in fact the results of two experiments where the same 


clement was tested with adaptation wave-lengths of 464 and 576 mp adjusted 
20-2 
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in intensity to be equally absorbed by rhodopsin. Each curve gives a silent 
substitution throughout the spectrum and coincides with the other, despite the 
different wave-lengths to which they were adapted. Figure 5B shows the 
result of repeating the experiments of 5A upon the same element, but with 
the adapting light 25 times brighter, the results being displaced downwards 
on the figure for clearness, as indicated by the displacement of the rhodopsin 
curve. The Fechner interval is seen to be smaller in B than in A but the sensi- 
tivity curve appears to be identical. 

In the mesopic state, then, as in the scotopic and photopic states, it is 
possible to obtain a silent substitution between any two wave-lengths if the 
relative intensities are suitably adjusted. The Fechner fraction remains the 
same throughout the spectrum, and there is no selective adaptation. But in 
the mesopic condition a hump of increased excitability above the rhodopsin 
curve appears always in the green and often in the blue. 

We have the impression that as light adaptation is gradually increased above the scotopic level, 
first the green hump appears and later the blue hump. The appearance is probably gradual over 


a narrow range after which the hump remains constant. There is no change in humps between 
Fig. 5A and B, nor were they ever much more pronounced than this. 


Although there appears to be a gradual transition from the scotopic to the 
mesopic state, with silent substitution possible at every stage, the same is not 
true for the change from the mesopic to the photopic condition. In Fig. 5B 
at wave-lengths 615 and 438 my the Fechner interval is smaller than at inter- 
mediate points, and at all wave-lengths outside these no silent substitution 
could be obtained. This is the beginning of a transformation whose further 
stages are shown in Fig. 6. 

The experiment of Fig. 6 was made upon a different element with adapting 
light of wave-length 492 my. The upper curve was obtained with adapting 
intensity about the same as that in Fig. 5 B, which may be called two units of in- 
tensity. The next curve is with adaptation at 3 units and it is seen that the range 
_ of silent substitution has been reduced. At the level of 6 units it is impossible to 
obtain silent substitution with any other colour, and the Fechner interval has 
become small. If adaptation is made still stronger with a bright white light, 
silent substitution once more becomes possible, but now a new relation has 
emerged, namely the photopic state, and the sensitivity has changed to the 
photopic dominator shown in Fig. 4. Thus in the transition from the mesopic 
to the photopic state something new is taking place, for here alone can we 
obtain no silent substitution. Below and above this region there appear to be 
homogeneous but different organizations of receptors: within the transition 
zone the organization appears heterogeneous. 


4 
| 
J 
ta 
q 
¥ 
a 
& 
¥ 
* 
+ 
f 
ft) 
> 
au 


we Cr 


Vs 


RETINAL STIMULATION BY LIGHT SUBSTITUTION 299 


Adaption 
intensity I 
~ 
2 ke 
> 
I 
\ 
I 
500 600 
mu 


Fig. 6 (see legend Fig. 3). Transition to the photopic state through break-down of silent substitution. 
Curve 2, adaptation level about equal to that in Fig. 5B. Curves 2-6, adaptation gradually 
increased, as shown by relative intensities. At 6 no silent substitution to any other wave- 
length is possible. Curves shifted vertically by arbitrary amounts for clearness, 


DISCUSSION 


- The technique of stimulating the frog’s eye by changing light from one colour 
to another has already been studied. Forbes, Burleigh & Neyland (1955) 


measured the electroretinogram in the excised eye under conditions similar to 
ours, and particularly studied whether it was possible to make the colour 
change without generating an electric signal if the intensity ratio of the two 
lights were suitably adjusted. This they found was always impossible, though 
changing to an identical light produced no response, showing that the actual 
transposition of light paths was not the cause of the electrical event. 
Bongard (1955) and Bongard & Smirnov (1957) led off responses from single 


or small groups of ganglion cells and also found that no silent change was 


possible when one single colour was exchanged for another. But they dis- 


-covered that any colour could be ‘matched’ by an appropriate red-blue mixture, 


so that this substitution did not has impulses from any of the cells in 


the small areas studied. 


In neither of these investigations were records taken from a single cell 
selected to exhibit silent substitution, so there is no conflict between the 
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results of former workers and ours. Our conclusions have the weakness and 
the strength of selected single-cell analysis: the results refer only to the cell 
selected, but this cell can be studied in some detail. The technique of light 
substitution allows some rather stable and accurate sensitivity measurements 
to be made, and from them the following principal conclusions emerge. 

All the ganglion cells studied had quite different spectral sensitivities as 
between the photopic and the scotopic state, and at a certain transitional 
level of adaptation it was impossible to make a silent substitution between 
any two colours. This proves that at that level the ganglion is simultaneously 
in physiological connexion with two (or more) different types of receptor— 
presumably both rods and cones. | 

At the full photopic level (Fig. 4) the simplest assumption consistent with 
the results of this paper is that a single class of cone is involved, containing 
_ a visual pigment whose absorption spectrum corresponds to our photopic 
dominator curve. Interaction, however, of more than one type of cone is not — 
excluded, but if it occurs it must satisfy a number of special conditions which 
we shall not discuss until driven to it by further evidence. | 

At the full scotopic level (Fig. 3 A) the clear conclusion is that the rhodopsin- 
containing rods alone contribute to sensitivity. At mesopic levels (Figs. 3B, 5) 
the curve no longer coincides with rhodopsin absorption, but the condition of 
silent substitution still persists, the Fechner fraction is the same over nearly 
the whole spectral range and moderate selective adaptation has no differen- 
tiating effect. 

There are two ways in which spectral sensitivity can alter; either by a change 
in the nature or organization of the photoreceptors involved (as in the well- 
known Purkinje shift), or by the interposition or removal of a screening pig- 
ment (e.g. coloured spectacles). There is a certain formal simplicity in the 
supposition that rhodopsin rods alone are active in mesopic conditions but 
that some change has occurred in a screening pigment, for this would predict 
the constant Fechner fraction and the absence of selective adaptation which 
is found. Two screening pigments in the retina have been proposed, one by 
Dartnall (1948) and one by Wald (1954). Dartnall pointed out that if the 
yellow (= blue-absorbing). photo-product of rhodopsin bleaching accumulated 
in the rods it would shift their sensitivity towards the red. This could not 
account for the observed hump in the blue, and it is not likely to be responsible 
for that in the green, since the yellow photoproducts do not accumulate in 
the rods when in contact with the pigment epithelium (Kiihne, 1878), and 
in the lower mesopic range rhodopsin is being bleached only at the rate of 
about one molecule per rod per second. | 

Wald suggested that rhodopsin was contained in the rods in compartments 
which had the following property. Only a compartment containing its full 
complement of rhodopsin molecules would activate the rod upon absorbing 
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a quantum of light. Otherwise the light would be absorbed, and rhodopsin 
bleached as usual, but no contribution to vision would result. From this hypo- 
thesis it follows that under steady illumination of moderate intensity those 
compartments towards the light would tend to remain inactive, since they 
would generally be without their full molecular complement. So the compart- 
ments upon which visual sensitivity depended would be those in the outer- 
most parts of the rods. But these compartments would ‘view’ the incident 
light through the whole rhodopsin column of the rod. Consequently the 
sensitivity will be that of rhodopsin modified by a screening pigment which 
is rhodopsin itself. 

Such a situation could give rise to a sensitivity curve resembling that of 
Fig. 5, but only if the rhodopsin density was so great that in the scotopic state, 
where the density is no less, the curve would not correspond in the way it does 
(Fig. 3) with rhodopsin extinction. Moreover, the self-screening sensitivity 
curve must be nearly symmetrical about 500 my and could not account for 
the appearance of the green hump alone. The explanation by screening pig- 
ments therefore does not seem very satisfactory, and the next pore (Donner 


& Rushton, 1959) will make it less so. 


The alternative explanation of the mesopic state is that both the rhodopsin 
rods and at least two other types of receptor are involved. Though this in 
general seems likely enough it will require a quite special kind of interaction 
between them to account for the possibility of silent substitution, the absence 
of selective adaptation and the fact that the Fechner fraction is the same 
throughout the spectrum despite the varying proportions of the different | 
photoreceptors involved. And what is known of the properties of synapses in 
other parts of the central nervous system would hardly lead us to axe these 
relations. 

‘We are thus faced with this dilemma. Independent changes in two screening 
pigments will explain the relations exactly, but there is noindependent evidence 
that adequate pigments exist. Interaction between three types of receptors 
is plausible, but this would not be expected to result in the observed relations. 

The following paper (Donner & Rushton, 1959) will bring evidence of a 
different kind to show that three types of receptor are in fact involved in the 
mesopic state, and the fourth paper (Rushton, 1959) will analyse the inter- 
action between them. 


SUMMARY 


1. An apparatus is described which allows light of one intensity and wave- 
length to besuddenly substituted for light of another intensity and wave-length. 

2. When applied to human scotopic vision the intensity-wave-length 
relation necessary for the change to be undetected corresponds closely to 
Cra wiord’s scotopic visibility function (Fig. 2). 3 
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3. When applied to excitation of the frog’s eye recorded by Granit’s 
technique, silent substitution can be obtained from most ganglion cells in the 
following circumstances. 


4. In full dark-adaptation the sensitivity curve for silent substitution 


corresponds to the curve of rhodopsin absorption (Fig. pee or the scotopic 
visibility curve (as in 2 above). 


5. In full light-adaptation the sensitivity curve for silent substitution 
corresponds to the photopic dominator curve (Fig. 4A). 

6. At mesopic levels there is still silent substitution but the curve in the 
green and the blue is more sensitive than is rhodopsin. 

7. The transition from mesopic to photopic states is not continuous but 
passes through a condition where silent substitution is impossible. 


Our thanks are due to the Medical Research Council for a grant for apparatus. 
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ROD-CONE INTERACTION IN THE FROG’S RETINA 
ANALYSED BY THE STILES-CRAWFORD EFFECT 
AND BY DARK ADAPTATION 


By K. 0. DONNER anp W. A. H. RUSHTON 
From the Physiological Laboratory, University of Cambridge 


(Received 4 May 1959) 


In the previous paper (Donner & Rushton, 1959) records were obtained from 
selected single ganglion cells, and it was found possible to substitute light of 
one colour for light of another without ganglion discharge if their relative 
light intensities were suitably adjusted. A somewhat unexpected situation 
arose in the mesopic range, where the spectral sensitivity did not correspond 
to rhodopsin alone, for there was a ‘hump’ of increased excitability in the 
green and often an additional ‘hump’ in the blue, but still the condition of 
silent substitution could be obtained. This state of affairs could be explained 
either by assuming a change in two screening pigments situated in front of the 


_ thodopsin rods which alone were active, or by supposing that three different 


photoreceptors contributed to the visual response in this range. It is the chief 
object of the present paper to distinguish between these alternatives by 
showing, for instance, that cones are responsible for the green hump of 
the mesopic curve. | | 
The usual way of distinguishing rods from cones is by noting the spectral 

sensitivity and the level of adaptation. Neither of these may be convincingly 
used in the present problem, but we have been able to employ a powerful tool 
forged by Stiles and his colleagues, the value of which has been strangely 
overlooked. They showed in man that light is much more effective when it falls 
upon the cones perpendicularly than obliquely, but that rods are nearly 
indifferent to the incident angle. We have been able to substantiate this 
relation for rods and cones in the frog, and to employ it in order to discover 
whether or not cones are involved in a given range of spectral sensitivity. 


PART I 


In 1933 Stiles and Crawford discovered the retinal direction effect which 
bears their names. A narrow pencil of light was sent into the human eye and 
brought to a focus upon the fovea. When the light passed through the periphery 
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of the dilated pupil it appeared much dimmer than when it passed through 
the centre, so that its energy had to be increased some three times to look 
equally bright. This was surprising, since the same amount of incident light 
was falling upon the same retinal region in the two cases. The suggestion 
that the peripheral rays suffer greater absorption has never been seriously 
entertained, for (as the authors worked out) the crystalline lens is the chief 
absorbing medium and peripheral rays have the shorter path through this 
structure. An even more convincing argument against differential absorption 
appeared when Stiles (1939) and later Flamant & Stiles (1948) showed that in 
a given small area of parafoveal retina the cones exhibited the Stiles—Crawford 
effect but the rods did not. This clearly points not to transmission losses but 
to a retinal direction effect to which the cones but not the rods are sensitive. 
That conclusion is confirmed in the present paper, where the effect is seen in 
the cones but not the rods of the opened, lens-free eye of the frog when the 
beam of light impinges directly upon the exposed retina from various angles. 

‘Roughly speaking, two types of explanation have been advanced as to why 
oblique rays should be less effective upon the retina than normal rays. The 
least spectacular is the original tentative suggestion of Stiles & Crawford 
(1933) and Crawford (1937) that some screening material may lie between 
the receptors, as is certainly the case in the light-adapted frog’s retina. As 
they pointed out, there is no histological support for this in the mammalian 
eye, nor would it be expected to discriminate so sharply between cones and 
rods. The alternative suggestion, which was first advanced by Wright & Nelson 
(1936), is that light must enter a cone axially to be effective for vision, possibly 
because these rays are kept in the cones by total reflexion. The actual 
mechanism of light funnelling has received considerable attention (O’Brien, 
1946, 1947, 1951; Platt, 1947; Le Grand, 1948). 


The most attractive treatment of this idea is that of Toraldo di Francia 


(1949), where each cone and rod is considered as a microwave antenna. It is 
well known that the most efficient type of receiver for detecting radiation 
incident along a fixed narrow beam is one constructed with directional 


sensitivity matched to the angular dimensions of this beam. High receptivity 


in the selected direction is associated with low reception for radiation at other 
angles, and the sensitivity falls rapidly outside the receptive angle. Now the 
observed Stiles-Crawford effect may be plotted upon a polar diagram, with the 
radius vector equal to the sensitivity for various angles of incidence upon the 
retina. When this is done, not only does this curve resemble the polar sensitivity 
diagram for a dipole radio antenna, but it looks as though the cones are direc- 
tional receivers matched to fit the aperture of the daylight pupil and the rods are 
matched to fit the aperture of the twilight pupil. Thus the peripheral rays from 
a dilated pupil will fall outside the angle of reception for cones but not that for 
rods, thereby exhibiting the Stiles~Crawford effect with cone vision only. 
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- In the previous paper (Donner & Rushton, 1959) we recorded spectral 
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Now, though the Stiles-Crawford effect has so far been investigated only 
in terms of human sensory judgements, electro-physiological techniques permit 
it to be studied also in animals, where important information can be obtained 
in relation to the size and shape of the pupil and the geometry of rods and 
cones, which differ very greatly among vertebrates (Walls, 1942). More impor- 
tant for our present purpose, the retinal direction effect might constitute a 
powerful tool in separating the contributions of rods from those of cones in 
a mixed situation, as has been already achieved in man by the elegant analysis 
of Flamant & Stiles (1948). 


sensitivity curves in mesopic conditions and found a hump of increased 
sensitivity in the green. This could be due to some contribution by the cones, 
or to some change in screening pigment in front of the rods which alone might 
be suppposed to be active at this level of adaptation. The Stiles—Crawford 
effect. would distinguish between these two alternatives if in the frog, as in 
man, the retinal direction effect applies only to cones and not to rods. For 
we have only to see whether the green hump is direction-sensitive or not to 
know whether it is cone-dependent or not. The object of Part I of the present 
paper therefore is first to investigate whether the Stiles—Crawford effect does 
apply to the frog and, if so, whether to the cones only; and secondly to take 
up the question of the humps in mesopic sensitivity and to find to what extent 
these are cone-dependent. A brief note upon the Stiles-Crawford effect in 
‘the frog has already appeared (Donner & Rushton, 1956). 


‘METHODS 


Optical arrangement 
The apparatus was a modification of that described in the previous paper (Donner & Rushton, 
1959). Its modified form is shown in Fig. 1. Light from the 6 V bulb, A,, was reflected by prisms 
and focused by lenses, L, and L,, upon L,. The two pathways were united at the thin glass 
plate M, by reflexion and transmission, respectively. The Maxwellian lens L, focused the filament 
image upon Ls, which replaced the crystalline lens of the frog and formed upon the retina, R, an 


_ image of the iris stop D. Thus upon the retina a circular, evenly illuminated field: was obtained 


the size of which was determined by the iris stop, the diameter being 1/10 that of D. In the 
present experiments path 1 was usually cut off completely and only path 2 used. The intensity 
of light was controlled by the compensated wedge W and the range changed by neutral filters 
F, and F;. Approximately monochromatic light. was obtained from twelve interference filters 
mounted upon a wheel at C,, as described in the previous paper. A photographic shutter, S, 
behind the filter-holder F,, was used to give flashes of 1 sec duration. In order to be able to vary 
the angle of incidence of light upon the retina the lens L, was mounted upon a horizontally moving 
holder with micrometer adjustment and scale. A shift of L, to one side displaced the image of the 
filament on L, but did not affect the field upon the retina except that the direction of its incidence 
was altered. The dotted lines in Fig. 1 show the passage of light for a different position of L,. In 
actual practice it was convenient to place the eye upon its back looking upwards and the rays 
leaving M, in Fig. 1 should be deflected by a mirror into the paper, thus causing them to fall 
approximately vertically downwards upon the retina. 
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The arrangement at the eye is shown in Fig. 2a where M is the micro-electrode with its tip 
upon the retina. By moving the lens, L, (Fig. 1), it was possible to vary the incidence of the light 
along AD, or BD, or any intermediate position. The dimensions were CD 25 mm, AB 10 mm. 
Thus the angle ADB was about 22°. Inside the retina this angle would be reduced to about 17° 
owing to refraction at the air-water surface. In order to get a wider range of variation of the angle 
of incidence from the perpendicular, the eye was often placed so that either AD or BD gave an 
approximhtely normal incidence on the retina. 

The image of the filament which L, formed upon L, is shown in Fig. 2) where L, is seen from 
the top instead of from the side. The filament image was about 10 mm long and 1-5 mm wide and 
moved across L, in a direction perpendicular to itselength. In order to admit only a constant 
narrow pencil of this light to fall upon the retina, L, was covered by a black card Q, perforated 
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Fig. 1. Diagram of optical arrangement (see text). 


<10 mm 


D 
Fig. 2 (a) Big. 2 (b) 
Fig. 2. (a) Diagram of light falling upon a'fixed point D of the retina from various directions 
A, C, B. M, micro-electrode. (b) Q is an opaque card placed over the lens L,, with the slot AB 
cut to admit 2 mm length of filament image no matter where this lay between A and B. 
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by a slit 2mm wide placed at right angles to the filament image. In this way whatever the 
position of the image upon L, only a fixed 2 mm length acted as light stimulus. 

The calibration of the lights has been described in the foregoing paper (Donner & Rushton, 
1959). In the present work the polaroids were removed. Their spectral density was found to be 


constant to within 0-05 throughout the visible spectrum, so their removal constituted a negligible 
disturbance to the former calibration. 


To maintain a steady level of photopic adaptation, a constant, diffuse, white adapting field 
was superposed upon the retina. It was obtained by an ordinary 220 V, 40 W bulb, A, (Fig. 1) 
placed in a box behind a milk-glass screen (, and neutral filters F,. The glass plate M, reflected 


the light into the eye through L,, and thus the adapting field was independent of changes in angle 
of incidence of the stimulating beam. 


It was convenient to know the position of the lens L, at which the beam fell perpendicularly 
upon the retina. This was found as follows. The lamp A, with its attachments G and F, was 
lifted aside, and the glass M, was used to observe reflexion from the retinal surface. It was easy 
to see both the image of the filament formed upon L, and the reflexion of light from the retina. 
L, was moved until these two coincided, in which condition the ray reflected from the retina 
retraced its path. 

If the light falls upon the retina from various directions, in general the shadow of the micro- 
electrode will fall upon a different set of receptors. In order to avoid variation from this cause 
we usually arranged the light not to fall upon the electrode at all, stimulating only a part, but 

fixed part, of the receptive field of the ganglion. The same results were found, however, when 
the electrode was in the middle of the illuminated field, provided that it lay in the plane ABD 
(Fig, 2A), for in that case change of angle of the light did not produce any movement of the shadow 
of the electrode. 


The frog’s eye was dissected out and set up as described in the previous paper (Donner & 
Rushton, 1959) and the conditions for obtaining records from single ganglion cells were similar. 


RESULTS 


After dissection the eyes were set up and allowed to become dark-adapted for 
1-2 hr. Then a ganglion cell was found which gave a good isolated discharge and 
threshold measurements were made with light at various angles of incidence 
upon the retina. 

The results of one such experiment are given in Fig. 3 when the receptors 
from a single ganglion were excited by light of wave-length 516 my in various 
states of adaptation. Curve A shows the absolute threshold after 2 hr 15 min 
dark-adaptation. The log. sensitivity shows very little change with incidence. 
Curves B and C give the increment threshold superposed upon a white adapting 
field which in C was 10 times as strong as in B. The sensitivity is 2-3 log. units 
lower and there is a more pronounced dependence upon the angle of light 
incidence. Curve D is after 1 hr further dark-adaptation, and both sensitivity 
and dependence upon angle are intermediate between A and B. 3 

The dependence of sensitivity upon angle was often greater than the results 
in Fig. 3. Under these experimental conditions the total threshold change for 
varying angles of incidence was between 0-4 and 0-8 log. units for different 
elements, the average of 13 being 0-49. Maximum sensitivity was not always 
at the point where rays fell perpendicular to the retinal surface as judged by 
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reflexion. The deviation was often 5° and never larger than 10°; but as it is 
very easy to deform the receptor layer by slight pressure of the electrode, 
such deviations are not surprising. 
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_ Fig. 3. Dependence of log. sensitivity upon angle of incidence upon retina. A, absolute sensitivity 
after 2 hr dark-adaptation. B, increment sensitivity against white background. C, as B but 
with background 10 times as bright. D, as A after 1 hr of dark-adaptation following C. 


Spectral sensitinty 
The results of Fig. 3 indicate that the retinal direction effect is well marked 
only in photopic conditions. More precise information as to the receptors 
responsible was obtained by plotting the spectral sensitivity to lights incident 
' at the two different angles in scotopic and photopic levels of adaptation. 
Figures 4 and 5 are typical of a large number of experiments of this kind. 


In Fig. 4 curve A shows the scotopic sensitivities measured by rays which 


fell more or less perpendicularly (circles) and at 22° from vertical (dots) 
measured in air, which is 17° from vertical in water. The curve is the absorption 
curve for frog’s rhodopsin (Dartnall, private communication). It is seen that 
in this case the scotopic sensitivity is determined by the rhodopsin-containing 
rods, and that there is no retinal direction effect. This ganglion cell was then 
light-adapted by using the white adapting field from A, (Fig. 1) and the 
sensitivity was measured by superposing lights of different colours to obtain 


the increment threshold, which is plotted in B (Fig. 4). The spectral sensitivity. 


had now shifted to the photopic dominator (lower curves B) and in contrast 
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to the scotopic state the direct ray (circles) is about 0-4 log. units more effective 
than the oblique ray at 17° (dots), this direction effect being nearly constant 
throughout the spectrum. 

There are two possible interpretations. One is that the photopic dominator 
curve involves cones which (like human cones) exhibit a retinal direction 
effect. The other is that there is no retinal direction effect in the receptors 
themselves, either in curve A or curve B, but that in the photopic state black 
granules of the pigment epithelium wandered between the photoreceptors, 
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Fig. 4. Spectral sensitivity of Stiles—Crawford effect in opened frog’s eye. Abscissae, wave-length 
of light on seale linear for frequency: ordinates, log. quantum sensitivity. ©, perpendicular 
incidence; @, oblique incidence (17°). A, dark-adaptation, with rhodopsin curve and no 
directional effect; B, light- rn with photopic dominator curves and 0-4 log. units of 
directional effect. 


and partly cut off the light which falls tede It is scnliiels that the 
difference between curves A and B of Fig. 4 is due to pigment migration, for 
according to Walls (1942, p. 152) no pigment change occurs when a light- 
adapted excised eye is left in the dark, as in our experiments,. In confirmation — 
of this, the frog’s retina, dark-adapted in life, is pink and it is easily pulled out 
with the vitreous, whereas the light-adapted retina is black and well attached 
to the choroid. This latter condition was always found with our retinas, kept 
2 hr in the dark after the eye had been excised and opened in bright daylight, 
though this was the condition which gave curve A, Fig. 4. A more convinc- 
ing confirmation follows from the results of Fig. 5. 

In that experiment white circles show the threshold sensitivity for perpen- 
dicular light, black circles for oblique light, and the continuous curve gives 
the absorption spectrum of rhodopsin. The adaptation level was intermediate 
between the full dark-adaptation of Fig. 4A and the full light-adaptation of 
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Fig. 4B. It is a mesopic level corresponding to Fig. 5 of the previous paper 
(Donner & Rushton, 1959), where the sensitivity curve was found to depart 
from that of rhodopsin by a hump in the green, and another in the blue. 
That these two elevations were due to separate causes was already clear from 
the fact that the green hump was present sometimes with, and sometimes with- 
out, the blue hump. That they are due to separate receptors is now clear from 
Fig. 5, since the green hump is direction-sensitive whereas the blue hump is not. 
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Fig. 5. Mesopic spectral sensitivity plotted as in Fig. 4. O, perpendicular, @ oblique incidence 
of light on retina. The green-sensitivity hump is direction-sensitive and hence involves 
cones, the blue hump is not direetion-sensitive and hence does not involve cones. 


Since there is no question of pigment movements as between one part of the 
curve and the other, it is plain that the ‘green receptors’ are direction- 
sensitive and the ‘blue receptors’ are not, and we conclude that the hump in 
_ the green is due to the contribution by cones to the excitability curve. In 
Fig. 4 the change from direct to oblique light caused the recorded cone 
excitability to be depressed by about 0-4 log. units at all wave-lengths, so we 
might have expected in Fig. 5 to find a similar depression in the whole curve 
to the right of 500 my. Instead of this, the cone curve is replaced by an 
excitability corresponding closely to the rhodopsin absorption curve (full line), 


so the cones have evidently been depressed to a point where rods alone appear 
active. 


The hump in the blue, on the other hand, does not involve cones, since it — 


does not exhibit the Stiles-Crawford effect. It is therefore understandable 
that its presence is not tightly coupled with the presence of the cone hump in 
the green. The receptors responsible for the blue hump are not the rhodopsin 
rods, as may be seen from Fig. 6. The circles here give the spectral sensitivity 


25635 8 


4 
2 
ii 
a 
a 
§ 
a 


THE STILES-CRAWFORD EFFECT IN THE FROG 311 


after 30 min adaptation to green light of 527 my (see upper arrow). The dots 
give the sensitivity after 10 min further adaptation to blue light of 438 mu 
(lower arrow). In both cases the adaptation light was extinguished during 
the measurement of spectrai sensitivity. It is clear that the blue hump is 
removed by adaptation to a powerful blue light. From these results one might 
infer that there was, in addition to the rhodopsin rods, a second kind of 
receptor which was not a cone and which was specifically sensitive to blue light. 

Now exactly such a receptor has been known from the very outset of the 
studies on visual pigments (Boll, 1877; Kiihne, 1878) and “grass green’ rods 
mixed with the purple population are shown in coloured figures by both these 
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Fig. 6. Spectral sensitivity of the mesopic blue hump: O, when strongly adapted to 527 my (upper 
arrow), @, adapted to 438 my (lower arrow). Blue depresses but green does not, as would be 
expected if blue hump was due to the ‘grass-green’ rods. 


authors. Recently Denton & Wyllie (1955) have published excellent photo- 
graphs, not in colour but taken through suitable filters to bring out the relative 
densities of the two kinds of rod in green and blue light. According to the 
investigations of these authors the pigment of the green rods absorbs light of 
both red and blue wave-lengths, but only the blue rays are effective to produce 
bleaching. Green rays are not absorbed. 

Physiologically, then, we might expect the grass-green rods to become 
‘dark-adapted’ when exposed only to green light (like rhodopsin rods in red 
light), to exhibit their sensitivity in the blue part of the spectrum and to be 
depressed by adaptation to blue light. All these expectations are satisfied by 
the receptors responsible for the blue hump of Figs. 5 and 6, and in addition 
the Stiles-Crawford evidence shows that the receptors involved are. in fact 
not cones. We conclude that in the mesopic state pink rods, green rods and 
cones all contribute to retinal excitation. 
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PART II 
The threshold during dark-adaptation 
Since the pioneer experiments of Kohlrausch (1922) and their thorough analysis 
by Hecht and his colleagues (1937) it has been confirmed countless times that 
during the dark-adaptation which follows exposure to a bright light, the log. 


threshold for human vision falls upon a curve which in general exhibits a well 
marked kink. The first branch is due, at least mainly, to cones, for it is present, 


and present alone, when the test light falls within the fovea or is deep red in 


colour and so is without effect upon the rods. The second branch is due to 
rods, and rods only, for it is absent in the conditions just stated, the sensation 
produced by the test flash is the scotopic grey no matter what the test colour, 
and the spectral sensitivity corresponds to the absorption of rhodopsin. The 
transition from cone to rod is abrupt with a sharp kink in the curve and this 
strongly suggests that signals from cones and rods are independent, the thres- 
hold at any moment depending simply upon which is the more sensitive. 


Now Granit (1942) has shown that a similar two-branched curve can be 


obtained from the frog’s eye when threshold measurements are made during 
the course of dark-adaptation, taking as index of excitation the spikes from 
single ganglion cells or the restricted discharges from a small area. He pointed 
out that the first branch was determined by cones, since the spectral sensitivity 
- here was maximal around 560 my (and in some cases.even nearer 600 my). 
In the second branch the sensitivity maximum had shifted towards 500 my, 
so that presumably this was rod-dominated. However, the spectral sensitivity 
did not at once coincide with that of rhodopsin, and in the early stages a 
marked increase in blue sensitivity was noted. Only at a very late stage in 
this second phase of dark-adaptation was the pure rhodopsin sensitivity 
obtained. 


We have repeated these experiments of Granit upon dark-adaptation, and 


directed particular attention to obtain the best possible isolation of single: 


ganglion cells (cf. Barlow, 1953, for evidence concerning the single-cell nature 
of this discharge). Our results confirm Granit in all essentials. A preliminary 
report of this work has already appeared (Donner, 1958). 


PROCEDURE AND RESULTS 


The eyes were excised in daylight and were further light-adapted with the 
full white exposure from the apparatus. Then the adapting light was ex- 
tinguished and measurements of absolute threshold were started. These were 
flashes of 1 sec duration and of intensity just sufficient to produce a discharge. 


As each threshold was determined, the time in the dark was noted. The test. 


flashes were of six different colours and Fig. 7 shows the results of one experi- 
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ment where log. quantum threshold is plotted against time in the dark for 
each wave-length of the test. The curves have been given arbitrary vertical 

displacements so that they lie clear of each other in the figure. It is plain that 
all, except at the shortest wave-lengths, show a pronounced kink in the curve. 


log. threshold quantum energy 


492 my 


D 


438 my 3 
0 Bos 90 120 


Time (min) 


Fig. 7. Log. threshold dark-adaptation curves of single ganglion with test flashes of wave- 
lengths shown. The curves show two branches, photopic and mesopic. Curves displaced 
vertically for clearness. 


The branch before the kink might be described by a single curve slid vertically, 
but certainly this cannot be said of the branch beyond the kink. This means 
that, unlike the human eye, this branch is not concerned simply with the 
change in sensitivity of the rhodopsin rods (or any constant mixture of 
receptors). 

The spectral sensitivity curve at any time during the dark may be con- 
structed from the curves of Fig. 7 (making allowance for the arbitrary dis- 
placement). It has been done for the times indicated by the arrows A—D 
(Fig. 7), and the resulting curves are plotted in Fig. 8 where the black circles 
represent points upon the first branch of the dark-adaptation curve, the white 


circles points upon the second. Continuous freehand curves join the points, 
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and for comparison the upper dotted curve is the absorption spectrum of — 


rhodopsin, and the lower two are our redetermination of Granit’s (1942) 
photopic dominator curve (Donner & Rushton, 1959, Fig. 4). We confirm 
Granit’s conclusion that the first branch of the curve (black circles) corresponds 
to the photopic dominator, and that the second branch (white circles) exhibits 


a rapid rise of sensitivity in the blue and a general shift of sensitivity towards 
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Fig. 8. Points of Fig. 7 replotted to give spectral sensitivity at times A, B, C, D. Points before 
the kink (Fig. 7) plotted black in Fig. 8. Upper dotted curve is rhodopsin; lower dotted 
curve is the photopic dominator: full curves drawn freehand through the points. 


a maximum around 500 my. At 90 min of dark-adaptation some additional 
threshold points were added, so that curve D gives a clear picture of the spectral 
sensitivity at this time, which resembles closely the sensitivity analysed by 
the Stiles—Crawford effect in Fig. 5. 


DISCUSSION 


The dark-adaptation curves therefore support the results of silent substitution 
in defining three retinal states. The photopic state has the spectral sensitivity 
of the photopic dominator and is so stable that none of the procedures 
described has caused any detectable change in it. It could be simply explained 
by the hypothesis that there exists a single type of ‘photopic cone’ with the 
required spectral sensitivity, and in the photopic state no other photoreceptor 
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contributes appreciably to sensitivity. On the other hand, the frog’s retina con- 
tains two types of cone which are histologically distinct (Rochon-Duvigneaud, 
1943, Fig. 212; Saxén, 1954), and our results are consistent with the view that 
both types contribute in a fixed proportion to photopic excitability in the 
conditions studied. | 

The mesopic state generally involves cones, rhodopsin rods and grass-green 
rods in varying proportions, so there is a sharp distinction between the curves 
of Fig. 7 and the corresponding human results, where the second branch of 
the curve is of the same shape independent of test colour, and corresponds — 
exactly to the spectral sensitivity of rhodopsin. In the frog, as may be seen 
from Fig. 8B, immediately after the photopic curve has been left there is 
a rapid increase of excitability in the blue which the Stiles-Crawford results 
show to be associated with the grass-green rods. The presence of the direction- 
sensitive cone hump in the green (Fig. 8C, D) shows that transition to the 
second branch of the adaptation curve does not mean (as it does in man) that 
cones are no longer involved. Both blue and green humps are supported upon 
the general sensitivity of the mass of rhodopsin rods in a way which will be 
analytically described later. At the moment the statement receives support 
from the fact that the green hump may be removed by oblique incidence of 
light (Fig. 5) and the blue hump by adaptation to blue radiation (Fig. 6) and 
in each case the underlying rhodopsin sensitivity is revealed. Since it is clear 
that three different and histologically distinct kinds of receptor contribute to 
mesopic sensitivity, a new and very interesting problem arises. It is easy to 
accept the conclusions of the present paper that the blue hump is due to the 
“grass-green’ rods and the green hump due to one.or more types of cone, each 
contributing to the threshold in its own domain of the spectrum. But how 
_ then are we to explain ‘silent substitution’? 

The facts of the previous paper are now seen to be that when a retina has 
been adapted to a light which (say) excited mainly rods, we may always 
change to a new light exciting the cones more and the rods less in such a way 
that the recorded ganglion discharge does not detect the change. The condition 
for silent substitution is that the intensity must be exactly right, at least 
within a narrow margin. The size of this margin turns out to be the same (on 
a logarithmic plot) for changes between any wave-length and any other, and 
in particular for a change in intensity only, without colour alteration. The 
margin therefore is simply the Fechner fraction. | 

It thus appears that the various rods and cones add together their respective 
contributions towards ganglion discharges in some kind of ‘excitation pool’,and — 
that the Fechner increment threshold depends simply upon the level of this 
pool, but not upon the way in which it is made up. This raises some interesting 
questions as to what is to be expected of increment threshold when a flash of 
one colour is superposed upon a background of another colour, and how far do 
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the results correspond with the psycho-physical experiments of Stiles (1939, 
1949, 1959). The discussion of ‘excitation pools’ will thus be left until these 
increment threshold results have been described. 


SUMMARY 


1. The Stiles—Crawford retinal direction effect was accel; in the wecined 
eye of the frog with lens removed, by using as index single ganglion discharges. 

2. As in man, the cones are sensitive to the direction of light incident upon 
the retina, but the rods are not. 

3. The two humps of excitability in the mesopic spectral sensitivity curve 


were investigated in this way. The green hump is direction-sensitive and | 


therefore involves cones: the blue hump is insensitive and hence does not. 
‘4. The blue hump is depressed by strong blue light but not by strong green 
light. ‘It is due therefore not to cones and not to rhodopsin rods but to the 
‘grass-green’ rods which constitute some 10% of the frog’s rod 2 Jace 
and which are blue-sensitive. 

5. Dark-adaptation curves plotted in the wma way show a marked kink. 
Before the kink the sensitivity corresponds to the photopic dominator. After 
the kink the sensitivity corresponds to the mesopic state and involves, besides 
the rhodopsin rods, green rods and some cones. 


Our thanks are due to the Medical Research Council for a grant for apparatus. 
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THE EFFECT OF A COLOURED ADAPTING FIELD ON THE 
SPECTRAL SENSITIVITY OF FROG RETINAL ELEMENTS 


By K. 0. DONNER* 
From the Physiological Laboratory, University of Cambridge 


(Received 4 May 1959) 


The two-colour threshold technique has allowed Stiles (1939, 1949a, b, 1953, 
1959) to analyse the properties of human vision and to determine the spectral 
sensitivity of the different mechanisms involved. The method consists in 
measurements of the smallest perceptible intensity (threshold) of a test 
stimulus superimposed as a flash upon a large, continuously exposed con- 
ditioning field. With both stimuli of the same colour a measure of the ability 
of the eye to discriminate small differences in brightness is obtained. The use 
of different colours for the two stimuli provides data for the determination of 
the spectral sensitivity of the mechanisms involved. 

According to Stiles (1949a, b) the threshold U) of a monochromatic test 
stimulus applied to the centre of a monochromatic conditioning field is a 
. function of three variables: the wave-length of the test stimulus (A), the wave- 
length («) and intensity (W,,) of the conditioning field. If vision is served by 
a single mechanism with a unique spectral sensitivity curve, general considera- 
tions show how U) will depend on W,, when A and yp are fixed. When W,, 
approaches zero, U) will have a finite value, the absolute threshold. U) will 
also increase regularly with W,, and does so proportionally if the mechanism 
_ obeys Weber’s law. Such threshold-intensity curves for a single mechanism 
for various combinations of A and y will all have the same shape, but the posi- 
tion with respect to the axes will not be constant. When the wave-length of the 
test stimulus is changed the curve will be shifted parallel to the axis of the 
log U) by the amount log (8),/S),), where 8), and S), are the relative spectral 
Sensitivities at wave-lengths A, and A,. Correspondingly when p is changed the 
curve will be displaced parallel to the axis of log W,, by the amount log (S,,,/ 
Si)» and being the relative spectral sensitivities for wave-lengths 
and pl». Stiles’s measurements show that usually such simple threshold- 
intensity curves are not obtained for the human eye. The curves must be 
regarded as the resultant of two or more component curves and this allows a 

* Present address: Zoological Laboratory, Helsingfors University, Finland. 


— 


318 
4 
4 tt 
A I | 
re 
ry 
U 
8 
[ 
i 


TWO-COLOUR INCREMENT THRESHOLDS 319 


separation of the visual response into rod and a number of cone components, as 
well as a determination of their relative spectral sensitivities. The experimental 
threshold—intensity curves show a fairly sharp transition between the com- 
ponent curves, which indicates that the observed thresholds are mainly deter- 
mined by the lower of the component thresholds, without much summation. 

If there were a more pronounced summation between different receptors it 
would be expected that the transition between the component curves would 
appear less marked. Thus the results indicate that the different mechanisms 
(receptor types) involved in the human eye in the experimental conditions, 
represent independent spectral sensitivities. 

_ The ganglion cells of the frog retina are excited by a large number of recep- 
tors, as is evident from the size of their receptive fields (Hartline, 1940; 
Barlow, 1953). Both rods and cones contribute to the discharge, depending on 
the experimental conditions, either alone or showing summation which pro- 
duces complex spectral sensitivity curves (Granit, 1942; Donner & Rushton, 

1959a, b). Under such conditions any determination of the component 
spectral sensitivities is uncertain without exact knowledge of the laws of 
interaction for receptors of different types. The two-colour threshold tech- 
nique has made it possible to separate the effects from different receptors of 
the human eye and to determine their relative spectral sensitivities (Stiles, 
1939, 19494, b, 1953, 1959). Application of the technique to single ganglion 
cells of the frog retina might make it possible to carry out a similar analysis. 
It would also show whether the picture developed by Stiles applies to the 
discharge in single optic nerve fibres. Experiments on the human eye with 
this method do not give any detailed information about the way in which the 
response is transmitted to the optic centres. The effects from different recep- | 
tors could either be conceived as transmitted along separate pathways, or 
(as seems more likely, considering the convergence in the retina) carried by a 
single nerve fibre to which various receptor types are connected (or both). 
_ A preliminary report of this work has already been given (Donner, 1958). 


METHODS 


Optical arrangement. The apparatus already described by Donner & Rushton (1959a, 6) was 
used with small modifications. Figure 1 shows the arrangement used for the experiments de- 
scribed here. The light from the 6 V bulb A was reflected by prisms P, and P, and focused by 
lenses, L, and L,, upon Ly. The two pathways were united at the glass plate M, by reflexion and 
transmission respectively. The image of the filament at L, was focused on L, by Ly. L, also formed 
images of the stops S, and S, on L,, which in turn were imaged on the retina by the lens L,. Thus 
path 1 gave a circular, evenly illuminated field with a diameter of 2 mm on the retina, and path 2 - 
a 0:2 mm spot in the centre of the larger field of path 1. In path 2 a photographic shutter was 
combined with the stop S, and was used to give 1 sec exposures. In both pathways interference 
filters could be inserted at F, and F,, to give approximately monochromatic light, as well as neutral 
filters if necessary. The intensity of the light was controlled for path 2 by the compensated wedge 
W, and for both pathways together by wedge W,. With this arrangement path 1 gave a 
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continuously exposed, large conditioning field on the retina and path 2 a test flash superimposed 
on the conditioning field. 3 

The calibration of the lights has been described by Donner & Rushton (1959a). In the present 
_ work the polaroids were removed. Their spectral absorption was measured and found not to vary 
by more than 0-05 throughout the whole visible range. The former energy calibrations could there- 
fore be used without significant error. 

Preparation and recording. The equipment and procedure used were the same as those described 
by Donner & Rushton (19594). 


R 
\! L, 
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L Adapting 
‘ field 2 mm 
0-2 mm 
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test spot 
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Wy 
Fig. 1. The optical arrangements used and the Sacwin and shape of the adapting field and the 
test spot on the retina (R).. For explanation see text. 


RESULTS 


In all experiments the eyes were allowed to become dark-adapted for 1-2 hr 
in the apparatus. Before dark-adaptation was begun a place on the retina 
was found which gave a good isolated discharge. The optical system was then 
adjusted so that the test spot fell close to the tip of the electrode. 

Aguilar & Stiles (1954) conclude that, for the human eye, in order to 
be able to study the properties of the rod mechanism over as great a range of 
background intensities as possible with the two-colour threshold technique, 
the wave-length of the adapting field should be one for which the rod: cone 
sensitivity ratio is as small as possible. The actual sensitivity curves indicate 
that the adapting wave-length should be > 610 mu. Figure 2shows the results 
of an experiment on an isolated ganglion cell discharge from the frog’s retina 
where the wave-length of the adapting field was 646 mu and the two curves 


refer to test flashes of wave-lengths 590 and 492 mu respectively. As has © 
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been shown by Donner & Rushton (19596), the increased blue-sensitivity in 
the frog is caused by the green rods. Under the conditions of the present 
experiment it is, however, unlikely that they are stimulated by the test lights 
used, since Denton & Wyllie (1955) state that the green rods absorb very little 
light in the region around 500 mp; and though they show some absorption - 
in the red parts of the spectrum, they are not bleached by red light. Thus it 
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Log. adapting field (Wz) 
Fig. 2. Threshold-intensity curves for rod mechanism of single retinal element for two wave- 
lengths of the test flash. Light intensities in terms of quanta. 


would be expected that in Fig. 2 rhodopsin rods only have been stimulated. 
The threshold-intensity curves obtained support such a conclusion because: 
(i) For both wave-lengths of the test flash the experimental data fit a common 
curve. (ii) The change in wave-length of the test flash displaces the curve 
parallel to the axis of log U, by the amount log (Sso9/Sgg2), Where Sy99 and Sygo 
are the relative spectral absorptions of rhodopsin at the corresponding wave- 
lengths, In Fig. 2 the curves have been placed according to this rule for a 
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rhodopsin receptor accounting for the differences in absorption at wave-lengths 
492 and 590 muy. 

This simple result, however, is completely changed if adapting fields of 
other colours are used. Figure 3 gives the results for an adapting field of wave- 
length 464 my. Threshold-intensity curves have been determined for the 
wave-lengths 527, 552, 576, 590, 615 and 646 my. In the left part of the dia- 
gram the spectral sensitivities of the component curves have been plotted. The 
lower branch of the threshold—intensity curves agrees well with the notion that 
it is produced by rhodopsin rods alone, the spectral sensitivity coincides with 
Dartnall’s absorption curve for frog rhodopsin (lower interrupted line). 
The upper branch corresponds to a spectral sensitivity curve with A max. at 
550 mu. The curve drawn through the experimental points is Dartnall’s 
curve for rhodopsin displaced to have its maximum at 550 my (cf. Dartnall, 
1953). The dotted line shows the average photopic dominator of the frog’s 
eye as given by Granit (1942). The deviation from Granit’s photopic dominator 
is very similar to that found in the experiments on light substitution (Donner & 
Rushton, 1959a). The threshold—intensity curves for the suggested high 
intensity mechanism of Fig. 3 do not, however, follow the rules mentioned 
above for the displacement of these curves when the wave-length of the test 
flash is altered. There is a difference between the slope of the ascending 
branch of the threshold-intensity curves for different wave-lengths. For test 
flashes of A > 590 my the threshold is relatively less affected by an increase © 
of the intensity of the adapting field. The interpretation of the upper branch 
of the curves as being caused by a single type of receptor thus seems untenable, 
‘But this is not convincing evidence in favour of a second cone sensitivity, 
since the participation of rhodopsin rods in determining the high-intensity © 
branch of the curves is not excluded. 

The results so far obtained with this technique show that the relatively 
sharp transition between the different branches of the threshold-intensity 
curves (Fig. 3) is not always obtained, perhaps not even in the majority of 
elements. In several cases a more gradual transition from one branch to 
another was seen, which is not surprising considering the results of the 
previous papers (Donner & Rushton, 1959a, b) where summation of rod and 
cone effects have been shown to occur. 

In order to make analysis of the kind shown in Fig. 3 for a single ganglion 
cell, it is necessary to make a great number of threshold measurements, 
which means that the whole experiment takes a long time to do. Fluctuations 
in the condition of the preparation tend to alter the threshold of an element: 
thus it is possible to obtain a complete set of results only in the most favour- 
able cases. Since, in addition, the maximum intensity available from the 
apparatus was not high enough to allow the complete determination of the 
high-intensity branch of the threshold-intensity curves, another procedure 
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was adopted for preliminary tests of the homogeneity of the photopic 
dominator curve. The spectral sensitivity of a number of elements was 
recorded, first with a maximal blue-adapting field of \ 464 my and then 
with a blue field using only an Ilford bright spectrum blue filter in the adapting 
beam; this had about the same dominant wave-length, but was some ten 
times as bright. In all elements investigated this strong blue-adaptation 
produced a depression of sensitivity in the blue and green regions of the 


Log. test sensitivity 
Log. increment threshold (UA) 


44 
| 464 my 
600 500 my 0 1 2 3 4 5 
Wave-length of test stimulus (A) Log. adapting field (Wu) 


Fig. 3. Threshold-intensity curves for single element. Adapting field 464 mu, wave-length of test 
flash varied. Corresponding spectral sensitivities given in the left-hand part of the graph. 
Interrupted curves: lower, Dartnall’s absorption curve for frog rhodopsin; upper, Granit’s 

' photopic dominator for the frog. Continuous curve, rhodopsin curve displaced to give max. 
at 550 my. Intensities in terms of quanta. Wave-lengths linear for frequency. 


spectrum as compared with wave-lengths 560 mu. This is shown in Fig. 4 
for one element. The upper curve (circles) was obtained with a maximal adapt- 
ing light of A 464 my, the following (dots) with the Ilford bright spectrum blue 
filter. The curve drawn shows Granit’s (1942) average photopic dominator 
curve. The lowermost record refers to another element in an adapting field 
of maximal strength of A 464 my. This type of element never gave the photopic 
dominator sensitivity curve but showed when light-adapted a higher red-sen- 
sitivity and the characteristic narrowness of a modulator curve. Results of 
this kind give some support to the idea that the cone effects of the frog retina 
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cannot be completely explained on the basis of a single mechanism with the 
spectral characteristics of the photopic dominator. Such a conclusion seems 
natural, considering that two histologically different types of cone have been 
demonstrated in the frog’s retina (Saxén, 1954). 


Log. sensitivity 
\ 


500 
| Wave-length (my) 

Fig. 4. Effect of a strong blue-adapting field on the photopic dominator type of sensitivity curve. 
The upper (circles) and the middle (dots) sets of data refer to the same element but with 
different intensities of the adapting field, as explained in the text. Lowermost data from 
another, more red-sensitive element (circles) compared with Granit’s (1942) 580 mp modu- 
lator curve for the frog (line in full). Sensitivity as quanta“. 


DISCUSSION 


The results show that the two-colour threshold technique, when applied to the 
single ganglion cell discharge of the frog’s retina, gives measurements which in 
principle are similar to those obtained for the human eye (Stiles, 1949a, 6). 
The results so far obtained demonstrate a single mechanism for rhodopsin 
rods only. Although there is a division of the threshold-intensity curves in 


_ branches, evidence from the previous papers (Donner & Rushton, 1959a,b) 


shows that rod and cone effects sum in certain states of adaptation. Therefore 
the direct application of Stiles’s analysis in terms of independent mechanisms 
may be misleading. That the results presented here are in fact consistent with 
_ the idea of rod-cone summation is shown in the following paper by Rushton 
(1959), to which the reader is referred for a further discussion. 

The threshold-intensity curves for rhodopsin rods appear essentially similar 
in shape to those obtained for the human eye. The curves recorded from single 
elements in the frog retina, however, show some variation of the slope of the 
linear portions of the curves from element to element, and generally the rod 
curves have a.steeper slope than the corresponding curves for the human eye 


in Stiles’s work. One of the reasons for this may be changes in the general . 


condition of the preparation. The sensitivity of a fully dark-adapted prepara- 


tion is often slowly reduced with time. In the present experiments the deter- _ 
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minations of the increment threshold started from the absolute threshold 
and were then carried on with increasing intensities of the adapting field. 
Under such conditions reduction of the sensitivity of the eye due to factors 
other than the adapting light would become more pronounced during the 
later parts of the experiment and would lead to a relative increase of the 
increment thresholds for high intensities of the adapting field. This would 
lead to the observed steeper slope of the threshold—intensity curves, and also 
to variation between individual elements, since the slow changes in sensitivity 
referred to are not constant from element to element. If this argument is 
correct, the threshold—intensity curves with the smallest Weber fraction for 
the linear part of the curves would be expected to come close to the corre- 
sponding curves for a normal, intact retina. This is actually the case for some 
elements in the material so far collected. On these grounds it seems uncertain 
whether there is any basic difference between the rod threshold-intensity 
curves for the frog’s retina and the basic rod curve as given by Stiles for the 
human eye. | 

Barlow (1958) reports differences in the shape of the threshold-intensity 
curves for the human eye depending on the duration and area of the stimulus. 
With a stimulus of long duration and large area, the curves have a steeper 
slope than when it is small and brief. Barlow suggests that the difference is 
_ due to reduced spatial and temporal summation in the retina at high intensities 
of the adapting field. In the present experiments the test flash gave a circular 
spot with a diameter of 0-2 mm on the retina and its duration was 1 sec; and 
the results obtained show agreement with the curves for large area and long 
duration referred to by Barlow. Considering the size of the receptive fields 
of the frog retina, with a diameter of roughly 0-5-1 mm (Hartline, 1940; 
Barlow, 1953), the test spot used in the present experiments must be considered 
large and changes in the conditions for summation with increased light- 
adaptation, as suggested by Barlow (1958), may well have played a part in 
determining the shape of the threshold—intensity curves. 


SUMMARY 


‘1. Records were obtained by micro-electrode technique from single ganglion 
cells in the excised frog’s eye. 

2. By using the ganglion discharge as index, iricrement threshold curves — 
were obtained when a small field was superposed in a flash upon a larger 
background field. . 

3. When flash and background had different colours, the threshold—. 
intensity curves showed two branches meeting at a kink, similar to the results 
of Stiles in man. 

4. That a branch corresponds to a single mechanism has so far been shown 
only for rhodopsin rods. 
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5. The results indicate that the method can be used to determine the spec- 
tral sensitivity of the receptors of the frog’s retina. 


The author is greatly indebted to Dr W. A. H. Rushton for valuable help and criticism through- 
out the course of this work. 
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EXCITATION POOLS IN THE FROG’S RETINA 


By W. A. H. RUSHTON | 
From the Phystological Laboratory, University of Cambridge 


(Received 4 May 1959) 


The pioneer work of Granit (1942) showed that a single ganglion cell in the 
frog’s retina was not always connected to one type of receptor. The studies 
described in our three preceding papers (Donner & Rushton, 1959a, b; 
Donner, 1959) were undertaken to explore further the connexion between 
ganglion cells and the different types of receptor. It was clear that if in any 
given state only one type of photoreceptor was connected, stimulation by 
substitution would exhibit three characteristics. (a) A silent substitution 
could always be achieved if the intensity of the new light was correctly chosen, 
the correct intensity (in quanta/sec) for each wave-length varying inversely — 
as the absorption at that wave-length by the visual pigment involved. 
(6) The Fechner fraction, that is the logarithmic range of intensities over 
which the substitution remained silent, must be constant whatever wave- 
length was involved. (c) Adaptation to any colour which did not alter the 
connexion between receptor and ganglion would leave the spectral sensitivity 
of silent substitution unchanged. 

The results of our first paper (Donner & Rushton, 1959a) showed that some 
ganglion cells did not exhibit silent substitution, and hence must have been 
connected to more than one type of receptor at the same time. This was 
a complexity which we wished to avoid, and so we chose only those cells 
which did respond usually by silence when the substituted intensity was 
properly adjusted. Even these cells failed in a restricted range of intensity 
just below the level where the photopic dominator curve is obtained. But in 
the photopic range the results were consistent with the idea that ganglion. 
cells are connected to a single class of receptors (cones) whose visual pigment 
absorbs according to Granit’s (1942) photopic dominator curve: in full dark 
adaptation they are connected to other cells (rods) whose sensitivity corre- 
sponds to rhodopsin, and in changing from dark to mesopic adaptation there 
is a gradual change from the pure rhodopsin sensitivity to one with ‘humps’ 
in the green and in the blue, but with the characteristics (a, 6, c) above still 


maintained. A formal explanation could be that some inert screening pigment 
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had been formed which changed the action spectrum of rhodopsin, but this 
rather unlikely suggestion was excluded by the investigations of our second 
paper (Donner & Rushton, 1959). 

In that paper we applied to the frog the beautiful analysis of Flamant & 
Stiles (1948), who showed that the sensitivity of human cones, but not rods, 
exhibited a retinal directional effect. We confirmed that in the frog too this 
sensitivity to the direction of incident light is shown only by cones. So when 
the green hump of the mesopic spectral sensitivity was found to be direction- 
sensitive, it was clear that cones were among the receptors involved. The blue 
hump on the contrary was not direction-sensitive, but it could be selectively 
depressed by adapting to bright blue light (though not to green). The hump 
therefore must be due to rods with blue-sensitivity—the ‘grass-green’ rods 
of Boll & Kiihne which Denton & Wyllie (1955) have shown to be bleached 
by blue but not by green light. 


It is therefore clear that the mesopic sensitivity is made up by at least . 


blue-sensitive rods, green-sensitive rods and yellow-sensitive cones. And yet 
they are all organized in such a way that the ganglion cell exhibits the charac- 
teristics (a, b, c) above, though intense adaptation may alter the spectral 
sensitivity, probably by changing the connexions between the receptors and 
the ganglion. 

What we need to know is by what uiiaiedis can several types of receptors 
converge upon a ganglion cell and exhibit at the same time both these 
characteristics and the very different properties seen in Donner’s beautiful 
family of kinked increment threshold curves (Donner, 1959, fig. 3). It is the 
purpose of this paper to set out a simplified and semi-quantitative hypothesis 
of retinal organization to embrace these observations. | 

Rods and cones do not have the same spectral sensitivity and so stimulation 
by substitution, e.g. a change from yellow to blue, involves a diminished 
relative excitation of cones and increased excitation of rods. The fact that 
this leads to ‘silent substitution’ for a critical intensity ratio means that the 
ganglion cell is exactly compensated for the loss of cone excitation by gain in 
rod excitation. So we are led to the idea of an ‘Excitation Pool’ whose level 
depends upon the streams of excitation from all the receptors connected to it. 
Only the rise (or fall) of the pool’s level causes ‘on’ (or ‘off’) excitation. 
A change in the distribution of streams to this pool will not excite this ganglion 
cell, provided that the change is carefully adjusted so as to cause no alteration 
in the pool’s level. Figure 14 shows a diagram of what is envisaged: steady 
changes are transmitted to the pool, but omy alterations in level affect the 
ganglion. 

Now the level of the pool is not at present a quantity that has been directly 
measured; it is inferred from a supposed relation to the intensity and colour 
of the light, and in terms of this inference the firing or non-firing of ganglion 
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But the actual relation shows a small region of gradual transition from the 
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cells is predicted, and so a verifiable structure of experiment is built which 
will relate light with ganglion discharges. The fundamental relation postulated . 
between the light and the level of the excitation pool will now be stated. 


A 
Excitation Ganglion 
pool 7 cell 


Excitation 


+ 


\ 


Rods and 
cones 
Fig. i. Diagram of excitation pool. Steady excitation from various receptors is transmitted to 
the pool. Only changes in the pool’s level are transmitted to the ganglion. A, the simplest 
model; B, the complication required by conditions of non-silent change. 


Excitation pool postulates 

(i) If any single receptor (1) absorbs light by its visual mechanism at an 
average rate J, quanta/sec it will generate in the pool an average excitation F, 
independent of the wave-length of the light. | 

(ii) The relation between F and log J is shown by the curve in Fig. 2. It is 
very nearly that given by the dotted line which meets the axis at log 0. That 
would express the relation that when J is less than its threshold value @ there 
is no excitation; when J is greater 


E = log J/@. 
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horizontal axis to the 45° slope, and there is a ‘saturation’ of the response at 
very high intensities. We may denote this function by » (log J/4). 

The basis of this relation is derived from the electroretinogram in vertebrates 
(Chaffee, Bovie & Hampson, 1923) and eccentric cell potentials in Limulus 
(Fuortes, 1959) which indicate that as soon as light is converted into an 
electric signal, that signal is related to log J in a way similar to # in Fig. 2. 
This relation is discussed further below. 


Fig. 2. Relation between J, the rate of ‘iets of quanta by a receptor, 
and the excitation produced; H = log J/@. 


(iii) If many receptors of the same type (1) are connected to the pool, the 
total level 
J,/9,), 


where b,, the connexion coefficient, is a constant amounting to the sum of 
the excitations of all the receptors, taking into account their various 
attenuations between receptors and pool. All these receptors are assumed to 
have the same threshold @,. 

(iv) If there are many types of Ret scunaated to the pool, the total 


level 
b, W(log J,/0,)+.... 


(v) A ganglion discharge at ‘on’ (or ‘off’) will occur when E suddenly 
increases (or decreases) by a fixed amount AE, which is generally different for 
‘on’ and for ‘off’ and is independent of the actual value of E, or of adaptation. 

We have so little knowledge of the way in which the absorption of a 


quantum in a photoreceptor produces an electric signal that the function 


which represents this change is purely empirical. But the sensitivity of rods 
is so great that the lower range of their 4 function corresponds to a rate of 


q 
a 
q ste 
B 
fre 
4 ta 
ac 
4 0 
th 
| al 
3 Si 
th 
| to 
‘ 
a 
at 
in 
d 
0 
t 
r 


EXCITATION POOLS IN THE FROG’S RETINA 331 


quantum absorption of only 1 per rod per minute or less. So it is rather 
artificial to treat this average rate as a continuous variable, and a probability 
statistic of quantum events, though more complicated, would be more realistic. 
But the present analysis is making no attempt to explain the transduction 
from light to electricity and is concerned only with the way in which the 
conducted excitations, #, from various receptors interact. Therefore quali- 
tatively we may accept a curve of the general form of # (Fig. 2), since this 
does appear to be the relation observed between the light and the electrical 
output. And quantitatively we take the exact shape shown in Fig. 2 because 
this does fit the increment threshold relation for a single receptor, e.g. rods 
alone, as will appear later. It will be observed that this hypothesis is very 
similar to that proposed by Waar (1955) in his analysis of colour vision in 
the human fovea. 

Our problem is to find how far this fairly plausible intensity rinotion, x, 
together with the other postulates mentioned, will account for the rather 
extended set of experimental relations observed in the preceding papers. It is 
_ not to be expected that our limited and rigid assumptions will describe at all 
accurately the wonderful versatility of visual performance. In particular, 
adaptation, which has so profound an effect upon visual function, enters here 
in only two small features. Since different receptors have different thresholds, 
more receptors will contribute to the pools at high intensities than at low. 
But when the light is very bright the thodopsin rods will reach their satura- 
tion point and give no contribution to vision, as Ae & Stiles (1945) have 
demonstrated in man. 

The expectations of these restricted assumptions will be worked out first for 
the conditions of silent substitution, and will be found to accord well with 
observation, if all the receptors involved are adapted to a level well above 
their absolute thresholds. But there are serious difficulties with the blue 
receptors which do not satisfy this condition. .Next the silent transition 
between the mesopic and photopic states is studied and it is found that not 
one but several excitation pools must be connected to the ganglion cell, as 
indicated in Fig. 1B. Finally we turn to Donner’s (1959) experiments upon 
two-colour increment thresholds. 

It might be thought that Donner’s branched curves, which strongly suggest 
the transition from a lower rod portion to an upper cone portion, were in- 
compatible with an arrangement where all the receptors pour their contribu- 
tions into a common pool. But when the consequences of the foregoing 
postulates are worked out, we obtain the family of curves shown in Fig. 5, 
which correspond well enough with Donner’s observations. 

In the Appendix to this paper are derived the expectations which follow 
mathematically from the postulates. We now proceed to compare those 
_ expectations with the experimental results. a 
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Silent substitution 


The mesopic state. Figure 3.A of our first paper (Donner & Rushton, 1959.) 
shows the spectral relation for silent substitution at an adaptation level of 
10-50 times the. absolute threshold. The curve nearly coincides with the 
rhodopsin absorption spectrum. Figure 3B shows results from the same 
ganglion when the adapting light had been increased 400 times. There was no 
blue hump and so we assume that we are still below threshold for the green 
rods. But we are well above threshold for the rhodopsin rods and also for the 


cones. So the condition is one where the excitation EF of the pool lies on the 


straight part of the slope (Fig. 2) and hence is proportional to log J/@, and the 
relation given by equation (4) of the Appendix (p. 343) applies. 
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mp 
Fig. 3. Experimental points replotted from fig. 3B of Donner & Rushton, 1959a. Dotted 


curves are the rhodopsin and the photopic dominator on a logarithmic plot, adjusted to 
“cross at O. Full curve is the weighted mean of the two dotted curves, RQ being 1/5 of QP. 


In Fig. 3 of this paper the experimental points of curve B are replotted, 
together with the rhodopsin curve and the photopic dominator (both dotted). 
The continuous curve is obtained by dividing the ordinate difference between 
rod and cone sensitivity in the proportions of 1:5, which is the theoretical 


curve of equation (4) of the Appendix, if we assume that the connexion 


coefficient for rods is 5 times that of cones. This curve adequately fits the 
experimental points, including the region in the blue where they fall slightly 
below the rhodopsin curve. 


From equation (5) of the Appendix the Fechner fraction should be constant 


throughout the curve ata value 5/6 that of curve A (Donner & Rushton, 19590, 


fig. 3). This also is satisfied within experimental limits. Thus the hypothesis 
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of this paper explains quantitatively the fact of silent substitution, the form 
of the spectral sensitivity curve, the constancy of the Fechner fraction and 
the amount it is reduced by the entry of cone excitation, simply by assuming 
that the connexion coefficient for cones is 1/5 of that for rods. In the frog’s — 
retina there are about half as many cones as rods. 

Before passing to the more difficult situation when green rods are also in- 
volved we may note how the geometry of Fig. 3 illustrates the contribution 
to E made by the various receptors. The log. light stimulus represented by 
the point Q lies a distance YP below the cone sensitivity curve and hence 
generates in the cones an excitation YP more than does light O which lies on 
the curve. But @Q lies a distance YR above the rod sensitivity curve. So in 
changing from O to Q the cones are excited QP more, the rods QR less. 
QP is 5 times YR but the connexion coefficient of rods is 5 times as great, 
hence the change of # at the pool is exactly neutralized. And so it will be 
for every point Q which lies 1/6 of the way from the scotopic to the photopic 
curve. 

- Now this argument must be modified when receptors are involved which 
are exposed to lights not far above threshold or even below it, as evidently 
is the case for the green rods, which are sometimes present and sometimes 
absent at mesopic levels. In Fig. 4 are re-drawn the experimental points of 
fig. 5B from Donner & Rushton, 1959a, the mesopic sensitivity curve of 
Fig. 3 (obtained by combining the rhodopsin curve with the photopic dominator 
in the proportions 5:1), and a curve maximal at 430 my to represent the 
sensitivity of the green rods. This latter curve is given the same shape as the 
rhodopsin curve but is shifted along the axis of wave frequencies so that the 
maximum lies at 430, to correspond with the pigment which Dartnall has 
found by partial bleaching in extracts of frogs’ retinas (Dartnall, 1957, p. 191, 
fig. 3.7), though a maximum at 450 my or longer would suit our results better. 
The horizontal shift of the blue curve is thus defined, but the vertical shift 

is left arbitrary. Let us suppose that in Fig. 4 the vertical position shown 
corresponds to the threshold level of the green rods (but cones and rhodopsin 
rods of course have their thresholds at much weaker intensities). Then since 
all points on the blue curve represent intensities which are just threshold, 
points below the.curve excite, points above do not (note: increasing sensi- 
tivities are represented upwards, increasing intensities downwards). 

It is now clear how we may combine the contributions to the pool both of 
green rods and the other receptors represented by the mesopic curve (Fig. 4). 
The part of the mesopic curve to the right of the intersection corresponds to 
intensities below threshold for the green rods. In this region, then, the mesopic 
curve alone represents the spectral sensitivity (as it did in Fig. 3 when all 
the curve was below the threshold of blue receptors). 

The curve on the left of the intersection involves the green rods which add 
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to the mesopic curve by the rule of the weighted mean (Appendix equation 4). 
The connexion coefficient is here taken as 0-1 of the sum of the coefficients of 
all the receptors. As constructed, the green rod contribution meets the mesopic 
curve at a kink. This is because the relation between E and log J (Fig. 2) was 
taken as the dotted line running straight to the axis. Since the ¢ relation is 
a curve, the transition in Fig. 4 should also be smoothed and not kinked. The 
final sensitivity curve of Fig. 4 is seen adequately to fit the experimental 
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- Fig. 4. Experimental points replotted from fig. 5B (Donner & Rushton, 1959a). The mesopic 


curve is replotted from Fig. 3, the green rod curve is taken from Dartnall (1957), and to the 
left of its intersection is combined with the mesopic curve by the rule of weighted mean, 
pulling 1/10 of the total weight. 


points of fig. 5B of Donner & Rushton, 19594, which are here represented as 


bars. And the observed fact that sensitivity at longer wave-lengths is the 
same whether the blue hump is present or absent is satisfactorily explained if 
the threshold level of the green rods cuts the mesopic curve at wave-lengths 
near 500 my. | 

But this type of explanation is hard to reconcile with the results of fig. 5 of 
Donner & Rushton, 1959a. The striking feature there was that the sensitivity 
curve appeared to be exactly the same shape, though curve B was at an 
adaptation level 25 times as great as in A and in both curves identical results 
were obtained with adaptation wave-lengths of 576 or 464 my. Stability of 
the sensitivity curve despite change in adaptation would be expected if all 


the receptors involved were well above their thresholds. But this cannot 
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easily be said of the blue sensitivity curve which never seems to depress the 
green hump of the mesopic curve as it would if it was there involved according 
to the rule of the weighted mean. The expedient of keeping the green rods out 
of the long-wave half of the mesopic sensitivity curve, by supposing that they 
reach threshold at about the 500 my adaptation level, is well enough for one 
curve of fig. 5 (Donner & Rushton, 1959) but it can hardly apply to all four 
of them. So we are left with an awkward discrepancy between the ‘excitation 
pool’ theory and observation, and a need to know the actual spectral sensitivity 
of the green rods. : 

The photopic state. Wald, Brown & Smith (1955) have pointed out that the 
spectral absorption of iodopsin fits the photopic dominator curve about as 
accurately as rhodopsin fits the scotopic curve. If iodopsin is a homogeneous 
pigment this suggests that frogs and many other animals have only one class 
of cone contributing to the dominator curve. On the other hand, the photopic 
dominator is similar to the luminosity curve in man, which is chiefly due to 


_ the combined effect of two pigments which cannot be iodopsin (Rushton, 


1958). Granit has long ago suggested that the photopic dominator might be 
a combination of narrower curves (modulators) and Donner (1953) has pro- 
duced good evidence that in the pigeon this is the case. 

Stimulation by silent substitution, though undertaken in the hope that it 
might afford decisive evidence, is seen to advance the matter hardly at all. 
To be sure, all the conditions of silent substitution in the photopic state 
(fig. 4, Donner & Rushton, 1959a) are precisely what would be expected if 
every cone contained iodopsin, but the analysis of mesopic conditions has 
required the concept of an excitation pool which predicts identical relations 
from mixed receptors. 

Histologists (e.g. Rochon-Duvigneaud (1943), fig. 212, p. 351; Saxén, 1954) 
describe two distinct cone types, and Donner (1959) has some preliminary 
physiological observations which support this. But since in nearly every 
result of our three papers the cones appear all to act together in a fixed 
proportion, in the present analysis it will be sufficient to assume that cones 
may be represented by a single type of contribution to the pool, namely that 
with the sensitivity of the photopic dominator. | 

The break-down of silent substitution. There are two conditions where a 
ganglion which normally exhibits a silent change loses this property. One is 
at the high mesopic adaptation level, in transition to the pure photopic 
dominator curve (Donner & Rushton, 1959a, fig. 6), and the other is at any 
level when the spatial distribution of light upon the retina changes. For 
instance, instead of changing from one colour to another, each a uniform field 
and precisely coinciding, we may change from one small spot to another small 
spot very near to it. In this case it is usually impossible to get a silent change 
even if the two lights have the same colour. Indeed, it was pointed out that 
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the wedge W in fig. 1 (Donner & Rushton, 1959a) required a small compen- 
sator to make the field uniform, otherwise it was impossible to get silent substi- 
tution in a sensitive preparation, since not all parts of the field could be matched © 
simultaneously when changing from the graded field of the wedge to the 
uniform field of the substituted light. Barlow (1953) observed the same kind 
of response except with pure ‘off’ ganglions. The diagram in Fig. 1A of this 
paper does not take account of such spatial effects. For if the ganglion was 
connected to only one pool which showed a unique level of excitation, a silent 
change should be obtainable whatever the spatial distribution of the adapta- 
tion light or of its substitute. 

But since the above observations show that pooling occurs only over areas 
which are much smaller than the receptive field of the ganglion, we must 
conclude that there are many pools connected to each ganglion. And the 
simplest modification is that of Fig. 1.B, where bipolars or horizontal cells may 
be regarded as the pools. On the input side they receive and mix the streams 
of excitation from various receptors (with perhaps one receptor supplying 
more than one pool); on the output side they transmit a nerve signal when 
the level + # changes sufficiently. The pools must be supposed normally not 
to differ much as to the proportions in which they receive contributions from. 
the different types of receptors, so with a uniform field a substitution which is 
silent for one will be silent for all, and hence for the ganglion connected. But 
it is probable that, during the transition from mesopia to photopia, the pools 
_ show marked individual differences. There is a very big change in spectral 
sensitivity between the mesopic and photopic states, due largely to the loss ~ 
of contribution from the rhodopsin rods, and, if the various bipolar or hori- 
zontal cells were not all at precisely the same stage in their rod loss, no stimu- 
lation by light substitution could match all of them at once. Thus at the first 
stage of the transition it is only with an extreme colour change that the break- 
down is detected, but, as the heterogeneity of rod connexion develops, a 
smaller and smaller change will be silent (as seen in fig. 6, Donner & Rushton, 
1959a), until at length only a change to a nearly identical colour can remain 
without discharge. But when the process is complete, and all the rod con- 
tributions abolished, the pools will be restored anew to homogeneity, and thus 
the silent substitution of the photopic dominator will be obtained. 


Increment threshold 


The concept of retinal excitation to which we have been led by the experi- 
ments on silent substitution is one where rods and cones of all kinds pool their — 
excitations and become indistinguishable from a single type of receptor, whose 
log. sensitivity is the weighted mean from all those receptors. This is a very — 
different concept from that derived from Stiles’s (1939, 1949, 1959) two- 
colour increment thresholds. The striking thing about that great body of 
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experimental work is the way that the rod mechanism and the various cone 
mechanisms behave as independent units. Whatever the mechanism excited 
by the flash, its increment threshold depends upon its own spectral sensitivity, 
and that only. Test flashes of various colours are effective to stimulate just 
in proportion to the sensitivity of the mechanism to that colour: adaptation 
fields of various colours are effective in depressing excitability to the flash in 
proportion to that same sensitivity relation. And when changing conditions of 
flash or adaptation favour the excitation of a new mechanism the transition is 
abrupt, showing a pronounced kink in the log. increment threshold curve. 

Such independence of component mechanisms is not what would be 
expected of ganglion cells which exhibit silent substitution, for with them it 
appears that individual mechanisms pour their contributions towards excita- 
tion into a common pool. Yet at first sight the careful experiments which 
Donner has undertaken to study this matter confirm Stiles in all the main 
particulars. In Donner’s family of curves (Donner, 1959) each member shows 
a lower branch corresponding to the (rhodopsin) rods, and an upper branch 
corresponding to the (photopic dominator) cones, and the results are consistent 
with a fairly sharp transition between the two branches. 

Now the rather precise relations between receptors which have been put 
forward to explain silent substitution allow us also to calculate the family of 
curves to be expected for the conditions of Donner’s fig. 3. These curves are 
shown here in Fig. 5 together with a reproduction of Donner’s 77 points. The 
curves were calculated from the excitation pool hypothesis, making the 
following specific assumptions. 

(i) With the deep-blue adaptation field which was used, the green rods will 
not be involved in the increment flashes of wave-lengths 527-646 mp. So the 
receptors present will be rods with rhodopsin sensitivity and cones with 
sensitivity corresponding to the photopic dominator. | 

(ii) The relation between E the excitation level in the pool and log J is 
given by the # curve in Fig. 2. Its derivative p' is shown in the Appendix 
(Fig. 6). 

(iii) The increment threshold is small enough for this increment to be obtain- 

able from the first derivative yb’ only. 
(iv) Suitable numbers are given to four constants so as to introduce the 
actual values of the thresholds and Fechner fractions of rods and of cones in 
Donner’s experiment (Donner, 1959, fig. 3). The assumptions, in short, are 
that rods and cones have their known spectral sensitivity, and that # is 
generated according to the initial postulate of Fig. 2, which will give the 
increment threshold curve for rods alone. Then the choice of the four ringed 
points out of the 77 in Fig. 5 allows the positions and shapes of all the curves 
to be defined absolutely. The way that ead calculation is done is indicated 
in the Appendix. 
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The curves of Fig. 5 do not fit the points so well as the curves which Donner 
has drawn in his fig. 3. But this is not surprising, since his were illustrative 
only and not intended to be exact according to Stiles’s concepts. Neither are 

all the rod portions of his curves formed exactly by one curve slid vertically, 


0 1 2 3 4 5 


Fig. 5. The points are from fig. 3 (Donner, 1959). The curves are calculated from the excitation 


pool postulates using the four ringed ree to give the thresholds and Fechner fractions 
of rods and of cones. 


nor are all the cone portions one curve slid vertically, nor is the cone curve 
at all the same as the rod curve slid horizontally, nor is the cone sensitivity 
fitted to the photopic dominator curve. The curves were drawn to fit. the 
points and fit them well and so illustrate clearly the general relations dis- 
played. Donner in fact is careful to point out that the upper branch does not 
keep its shape like a single Stiles’s mechanism and that many elements show 
only a gradual transition from one branch to the other, which makes analysis 
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in terms of Stiles’s mechanisms unreliable. The family of calculated curves in . 
Fig. 5 on the other hand involves very little that is arbitrary (as was pointed 
out above) and the over-all correspondence with experiment is very fair. 
The principle conclusion to be drawn is that the concept of excitation pools 
which was put forward to account for silent substitution is consistent with the 
increment threshold results of Donner (1959). For though at first these appeared 
_rather incompatible they turn out to be a predictable consequence. 

We must be careful, however, not to conclude that Stiles’s results in man 
should be interpreted in the same way. In addition to the fact that transitions 
from one mechanism to another are much sharper in Stiles’s results than in 
the curves of Fig. 5 there is a more fundamental difference. The excitation 
pools we have studied have only one parameter, Z; the increment threshold 
_ is simply an intensity threshold for the pool, whatever A and yp. But in Stiles’s 
experiments the subject may be able to say that the flash appearing upon the 
blue field is red and not green, now bright, now just visible. If in this way it 
is a two-parameter system we should be cautious about identifying it with the 
colourless excitation pool in the frog. : 


Spectral sensitivity 

‘It is worth noting that the idea of excitation pools predicts quite different 
spectral sensitivity curves in (a) silent substitution and in (b) increment thres- 
hold. In both cases the experimenter may use as index the smallest intensity of 
new light which will elicit a response (a) when the adaptation light is removed 
and replaced by light of a different wave-length, (b) when the adapting light 
is left unchanged, but added to it is an increment of new wave-length. 

Equation (4) (p. 343) shows that for (a) the log. sensitivity curve should be 
the weighted mean of the log. sensitivities of all the contributing receptors. 
Equation (6) on the other hand shows that for (6) a different relation obtains, 
which may be re-written 


IAB _ Dy), , , Dad 
AI D,(u) * Dau)? 


for conditions where the light is bright enough for ¢ to be on the straight 45° 
slope (Fig. 2) for all the receptors 1, 2,3... involved. D,(), D,(A) are the 
relative pigment densities or quantum sensitivities of receptor » to the adapting 
wave-length p and the increment wave-length A respectively. It is seen that 
- for fixed adaptation to intensity J of wave-length p, the increment threshold AI 
depends upon the weighted means of the sensitivities (not log. sensitivities) of 
the contributory receptors. This result is formally identical with the condition 
where the pigments are mixed in suitable proportions in a single class of 
receptor. There are however important differences. If J is weak enough to leave 

the pigments substantially unbleached (as is generally the case) then a change 


by +... (6A) 
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in the wave-length , will not affect the proportions in which the pigments are 
mixed in the receptors, but it may change very much the proportions in which 
the receptors enter into relation (6A) by altering the values of the various 
denominators, This in fact is the basis of Donner’s (1959) preliminary evidence 
that the photopic dominator involves more than one cone. 

If on the other hand it is AJ and A which are fixed and IJ and p are adjusted 
so that the increment flash is just threshold, then (6A) shows that J depends 
upon the weighted mean of the reciprocals of the receptor sensitivity. Thus 
the relation between J and p should not be the same as that between AJ and 
A, except when the pool is fed by a single type of receptor. In Stiles’s experi- 
ments the two relations were the same, which is consistent with the view that 
colour mechanisms enter singly into each branch of his curves. 


Intraretinal recording 


When the concept of Excitation Pools was first inferred from the results of 
silent substitution, it seemed presumptuous to propose this specific mechanism 
for which there was no evidence from intracellular recording. But in the last 
year or two records, mainly from the eyes of fish, have exhibited properties 
very similar to those here postulated. 

The records which Svaetichin (1953, 1956) first obtained were attributed to 
single cones (where they could hardly represent pools derived from many 
kinds of receptors). But as the result of careful location of the recording site, 
Svaetichin & MacNicol (1958) and MacNicol & Svaetichin (1958) have now 
shown that the cells responsible lie in the region of the horizontal or bipolar 
layers, where they may well be affected by receptors of different types. The 
characteristic of these records when they are ‘luminosity responses’ is, that 
so long as a steady light falls upon the eye there is a steady hyperpolarization 
of the region recorded. The potential rises and falls rapidly with the light like 
the output of a photocell, except that the change is linear not with the intensity 
of the light but with its logarithm. In fact the relation of amplitude with 
log I shown in fig. 2B of Svaetichin & Jonasson (1956, p. 8) is almost identical 
with the % function in Fig. 2 of the present paper. The spectral sensitivity of 
this ‘luminosity response’ is very similar to the photopic dominator curve, 


and may well receive contributions from receptors covering the whole 
spectral range. 


Similar records have been obtained by Motokawa, Oikawa & Tasaki (1957), 
Tomita (1957), Tomita, Tosaka, Watanabe & Sato (1958), Griisser (1957) 
and Brown & Wiesel (1958), the latter two from the eye. of the cat. 

Though it is too early yet to form a precise opinion upon the histology 
and electrophysiology of the structures involved, these most important new 
types of retinal record encourage us to hope that this paper may receive sub- 
stantial support in its general concepts, and in its details valuable corrections. 


» 
MBE 
1 
| 
t 
4 
| 


EXCITATION POOLS IN THE FROG’S RETINA 341 


SUMMARY 


1. In the mesopic state rods and cones are simultaneously contributing 
excitation to the ganglion cell. Yet it is possible to substitute light of one 
colour for that of another without discharge. 

2. This leads to the idea of an excitation pool whose level depends upon 
the streams of excitation from many kinds of receptors, but which only 
excites the ganglion through a change in the level of the pool. 

3. A set of restricted rigid properties are postulated, determining the way 
that light influences the pool’s level, and this the ganglion discharge. 

4. In the mesopic state, where rhodopsin rods and cones are well above 
threshold, the ‘excitation pools’ hypothesis accords well with observation. 
But the ‘grass-green’ rods, which are near threshold, do not fit well. 

5. The non-silent transition from the mesopic to the photopic state 
requires that a ganglion be connected to more than one pool. 

6. The two-colour increment-threshold results of Donner are also in 
reasonable accord with the excitation pools hypothesis. 

7. The intraretinal potentials which have been recorded by Svaetichin 
and others, especially from fish, have properties very similar to those postu- 
lated for the excitation pools. 


REFERENCES 

Aauiiar, M. & Srimms, W. S. (1954). Saturation of the rod mechanism of the retina at high 
levels of stimulation. Optica acta, 1, 59-65. 

Bartow, H. B. (1953). Summation and inhibition in ie frog’s retina. J. Physiol. 119, 69-88. 

Brown, K. T. & WresgEt, T. (1958). Intraretinal in the Symposium 
on the electrophysiology of the visual system. Amer. J. Ophthal. 46 

E. L., Bovis, W. T. & Hampson, A. (1923). The of the retina 
under stimulation by light. J. opt. Soc. Amer. 7, 1-44. : 

Dartnauy, H. J. A. (1957). The Visual Pigments, London: Methuen and Co. : 

Denton, E. J. & Wyium, J. H. (1955). eer of the photosensitive pigments in the pink and 
green rods of the frog. J. Physiol. 127, 81-89. 

sag K. O. (1953). The spectral sie of the pigeon’s retinal elements. J. Physiol. 122, 

24-537. 


Donner, K. O. (1959). The effect of a coloured adapting field on the spectral sensitivity of frog 
retinal elements. J. Physiol. 149, 318-326. 

Donnzr, K. O. & Rusuron, W. A. H. (19594). Retinal stimulation by light substitution. 
J. Physiol. 149, 288-302. 

Downzr, K. 0. & Rusuton, W. A. H. (19595). Rod—cone interaction in the frog’s retina analysed 
by the Stiles-Crawford effect and by dark adaptation. J. Physiol. 149, 303-317. 

Fiamant, F. & Sties, W. S. (1948). The directional and spectral sensitivities of the retinal rods 
to adapting fields of different wave-lengths. J. Physiol. 107, 187-202. 

Fuorrss, M. G. F. (1959).. Initiation of impulses in visual cells of Limulus. J. Physiol. 148, 14-18. 

Granrr, R. (1942). Colour receptors of the frog’s retina. Acta physiol. scand. 8, 137-151. 

Grisszr, O. J. (1957). Rezeptorpotentiale einzelner retinaler Zapfen der Katze. Naturwissen- 
schaften, 44, 522-524. 

MacNionon, E. J. & Svarricany, G. (1958). Electric responses from the isolated retinas of fishes. 
Symposium on the electrophysiology of the visual — Amer. J. Ophthal. 46, 


Py 


342 W. A. H. RUSHTON 

Morokawa, K., Orkawa, T. & ‘TASAKI, K. (1957). Receptor potential of vertebrate retina. 
J. Neurophysiol. 20, 186-199. 

Rocuon-Dvuvienzavup, A. (1943). Les yeux et la vision des vertébrés. Paris: Masson et Cie. 


Rusuton, W. A. H. (1958). The cone pigments of the human fovea in colour blind and normal. 
National P Laboratory Symposium No. 8, 71-102. London: H.M. Stationery Office. 


Saxtn, L. (1954). The development of the visual cells. Ann. Acad. Sci. fenn., Ser. A. IV: 28, 1-95. 


Stites, W. S. (1939). The directional sensitivity of the retina and the spectral sensitivities of the — 
rods 


and cones, Proc. Roy. Soc. B, 127, 64-105 


Stizes, W. 8. (1949). Increment thresholds and the mechanisms of colour vision. Docum. 
ophthal. 3, 138-163. 


Stites, W. 8S. (1959). Colour vision: the approach through increment threshold sensitivity. 
Proc. nat. Acad. Sci., Wash., 45, 100-114. 


Svarticuin, G. (1953). The cone action potential. Acta physiol. scand. 29. Suppl. 106, 565-600. 


SvaEtiontn, G. (1956). Spectral response curves from single cones. Acta physiol. scand. 39. 
Suppl. 134, 17-46. 


Svarticumn, G. & Jonasson, R. (1956). A technique for oscillographic recording of spectral 


response curves. Acta physiol. scand. 39. Suppl. 134, 3-16. 


Svartionrn, G. & MacNicuot, E. J. (1958). Retinal mechanisms for chromatic and achromatic 
vision. Ann. N.Y. Acad. Sci. 74, 385-404. 


Tomita, T. (1957). A study on the origin of intraretinal action potential of the cyprinid fish by 
means of pencil-type microelectrode. Jap. J. Physiol. 7, 80-85. 


Tomita, T., Tosaxa, T., Watanabe, K. & Sato, Y. (1958). The fish EIRG in response to different 


types of illumination. Jap. J. Physiol. 8, 41-50 
Wa tp, G., Brown, P. K. & Smrru, P. H. (1955). Iodopsin. J. gen. Physiol. 38, 623-681. 


Wuuwmer, E. N. (1955). A physiological basis for human colour vision in the’ central fovea. 


m. ophthal, 9, 235-313 


APPENDIX 
A quantitative formulation 
Let J, = intensity of light of wave-length A falling upon the retina in units 
of quanta sec-! cm-?, 


J, = rate at which quanta are re Seine absorbed by the visual pigment of 
receptor (1), 


D,(A) = density of this pigment at wave-length \ measured in units such that 
J; =I.D ’ 


E = level of total excitation in the Pool, 

6, = connexion coefficient which determines what proportion of excita- 
tion from the group of receptors (1) reaches the pool, 

6, = ‘threshold’ for excitation of receptor (1) defined by the relation 
of Fig. 2, 
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Since ‘on’ and ‘off’ thresholds are usually quite different + AZ 


and —AF must be taken as quite different in magnitude. It is. 


likely that AZ may change in various conditions, e.g. ‘fatigue’ by 


quickly repeated flashes, but in the present treatment it is assumed — 


to remain constant. 
(log J/@) is the function relating Z with J/@ shown in Fig. 2. 


change in the level of the pool necessary for a ganglion response. 
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For > 1, Plog = log J/8, (1) 
For J/@ < 1, (log J/6) = 0, 
1. Silent substitution. In general 


= 3b, (log 3"), (2) 


n 
where the summation >, includes all the receptor types. Consider an adapta- 
tion level where receptors 1, ..., m are well above their thresholds, and all the 
rest are well below. Then from (1) 


™ 
E=> by logs = by 


n=1 n 
E b, log D,,(A) 
therefore = logI,+-+ (3) 
b, ~ 


Now the eiiisiin for sles substitution is that J, should change in wave- | 
length and intensity in such a way that F does nut alter. In that case the 
left-hand side of equation (3) will not alter, and may be written as logK. So 
equation (3) becomes 


b,, log D,,(A) 
1 


log m ’ (4) 
A b,, 
‘ 

where the left side is the log. spectral sensitivity for silent substitution, and 
the right side is the — mean of the log. absorption curves of all the 
visual pigments 1, . 

The Fechner aioe in silent substitution may be found by differentiating 
— " where £ and J are the only variables. 


2-3 AE 
b, 


The right side is the Vochner fraction. It is therefore independent of A, being 
directly proportional to AE. which we are taking to he always constant, and 
inversely to the sum of all the connexion coefficients involved. 

2. Increment threshold. We treat the case where only the rhodopsin ids 
and the cones are involved, with spectral sensitivities D,(A), D,(A) respectively. 
Then from equation 


==: D, +, 
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Therefore 23 AE = 5b, +b, = fo, 
J; Js 


writing for the derivatives 


deb(log J 4/4.) 
d log d log (J 


_ Now the adapting light J is at wave-length p, 
therefore | J =1.D(p). 


respectively. 


But the flash AJ is at wave-length A: 
therefore AJ = AI.D(A); 


I (D,() D,{A) , 
therefore 2:3 AE -F (36. by 


(A) D,{A) 

or (2:3 AF) + —log AT = le (6 
To calculate the curves of Fig. 5 (in all of which » = 464) we need to evaluate 
the four constants of equation (6), by introducing the actual values of four 
points in Fig. 5. Consider the curve where A = 552 and introduce the con- 
dition that at log J = 3-0, log AJ = —2:-2, at log/ = 0, log AI = —4-2. 
These ‘appear to lie below the cone threshold so we put % = 0 and justify it 
by the fit of the curve so computed. Substituting the first pair of values in 
equation (6) gives 


log (2°3 AF) +3-0+2-2 = logb D,(552) 


1 D,(464) 0g 3(3). (7) 
Subtracting from this the similar equation with the second pair of values gives 


1-0 = logy#i(3) —log#i(0). 


Now the shape of yf,’ is shown in Fig. 6, but its position along the horizontal 
axis is not yet determined. y;(3) is clearly 1, therefore logy}(3) = 0, there- 
fore from equation (8) %;(0) = 0-1. So the curve 4; in Fig. 6 is correctly 
placed. 

Now in Fig. 5 the results of A = 646 show that when log/ = 4:8, 
log AJ = —0-1, and = 1 = 

Substituting these values in equation (6), and subtracting Srereon (7) with 
log put zero, gives 
,(646) 
D,(552) 


where 


0 
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Since D,(646)/D,(552) is very small compared with C 
C = antilog (—0-3) = 0-5, _ 

The final constant required is the lateral shift of ; in Fig. 6 which will bring it 


into the correct position for ~,. This has been found by trial computation 
and is shown in Fig. 6. 


6 
log | 


Fig. 6. Abscissae give log. intensity, J. Ordinates give the derivative of the function % shown 
in Fig. 2. The positions of %,’ and ¥,’ correspond to the thresholds for rods and cones in Fig. 5. 


The formula for the family of curves in Fig. 5 is therefore found by 
subtracting equation (7) from equation (6), which gives 


D,(r A 
logI —log AI = 5-2+log | D, +05 (10) 


For any given A we measure D,(A)/D,(552) upon the rhodopsin sensitivity 
curve, and D,(A)/D,(646) upon the photopic dominator curve. For any given 
logI we measure ys; and ys, upon the curves of Fig. 6. The values of log AJ so 
computed are plotted in Fig. 5. | 
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THE OXYGEN CONSUMPTION OF NEW-BORN AND ADULT 

MAMMALS. ITS DEPENDENCE ON THE OXYGEN TENSION 

IN: THE INSPIRED AIR AND ON THE ENVIRONMENTAL 
TEMPERATURE 


By JUNE R. HILL 


From the — of Physiology, St Mary’s Hospital Medical School, 
London, W. 2 


(Received 22 May 1959) 


Infants during birth and shortly afterwards are particularly liable to suffer 
from hypoxia, and much research has been directed to elucidating the effects 
of oxygen lack in the new-born. Evidence that moderate hypoxia (15% 
oxygen) causes a significant reduction in oxygen consumption in human’ 
infants was first produced by Cross, Tizard & Trythall (1955, 1958); it was 
later reported that lambs (Acheson, Dawes & Mott, 1957), and puppies and 
kittens (Moore, 1956a, b), respond in a similar fashion. It thus appeared that 
the new-born respond differently from adults, since it was generally accepted 
that the oxygen consumption of an adult mammal does not fall until death — 
due to hypoxia is imminent (in the region of 6% oxygen). Then, in a review of 
the physiology of the new-born, McCance & Widdowson (1957) pointed out 
that adult small mammals behave in the same way as new-born animals, and 
not in the ‘adult’ manner. The situation was now confusing, since it was not 
clear whether it was size or maturity that determined the response to hypoxia. 
The present experiments were undertaken in order to make a direct compari- 
son between new-born and adult animals of roughly the same size, and to 
obtain more information about the various types of response to hypoxia. 
A brief preliminary report of this work has been published (Hill, 1958). 


METHODS 


In order to investigate the effect on metabolism of hypoxia, immaturity, body size and environ- 
mental temperature, an apparatus had to be devised which would measure the oxygen consump- 
tion of a single unanaesthetized small mammal, breathing gas of any chosen composition between 
21% and 5% oxygen in nitrogen, at various environmental temperatures. Good time resolution 
was essential, so apparatus that would give a continuous direct record was desirable. 

Oxygen consumption may be measured by either open- or closed-circuit techniques, but for the. 
present purpose open-circuit techniques were considered unsuitable. Their accuracy depends on 
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very small differences, and when dealing with animals of this small size only Haldane’s gravimetric 
method is practicable. Even with this method, either time resolution or accuracy is bound to be 
poor when a single animal is used; and a continuous direct record cannot be obtained. A further 
disadvantage lies in the fact that any gas other than air must be supplied from a reservoir. Closed- 
circuit methods are more readily adapted to the problem in hand, since they permit much better 
time resolution, and easily lend themselves to graphic recording. In a closed circuit, if the co, 
produced by the animal is absorbed, then the animal's oxygen consumption is indicated con- 
tinuously by the amount of gas that must be added to keep the volume of the circuit constant. 

A closed-circuit apparatus was adopted; its essential features are: (1) The oxygen content of 
the circuit gas is readily and predictably varied, as required, by removing and replacing oxygen, 
i.e. by altering the total volume of the circuit. (2) Once the chosen oxygen level has been attained 
an automatic device is then used to feed oxygen into the circuit at exactly the same rate as the 
animal consumes it. The volume of the circuit is held constant, and thus the composition of the 
circuit gas is kept constant while oxygen consumption measurements are made. (3) The amount 
of oxygen allowed into the circuit during each minute or half minute is recorded on a kymograph, 
measuring the animal’s rate of oxygen consumption, AO,/At. (4) The need for a temperature- 
controlled room has been obviated by designing the apparatus in such a way that the total volume 
of the circuit is small; thus the error produced by changes in room temperature or barometric 
pressure during the course of an experiment is negligible compared with the oxygen consumption 
of even the smallest animal used. (5) The animal’s environmental temperature can be rigidly 
controlled at any desired level. Full temperature equilibration between the circuit gas and the 
environment is rapidly achieved (7'} = 1 min) after altering the environmental temperature. 
(6) It is essential for the proper interpretation of these experiments that the animal should be 
continuously under surveillance, since activity, degree of cyanosis and other effects must be as- 
sessed and taken into account: in this apparatus the animal is always clearly visible. (7) The 

animal’s rectal temperature is indicated continuously. | 


The apparatus 
This consists of two parts (see Fig. 1): 

A. A closed circuit incorporates an animal chamber, a CO, absorber, a pump, a float recorder 

(Fig. 1, F,), and devices for measuring and altering its oxygen content. 

_B. A system for replacing and recording consumed oxygen comprises: (i) Two float recorders, both 
containing oxygen; one (Fig. 1, F,) of large capacity to record total oxygen consumption, the 
other (Fig. 1, F,) of small capacity to record rate of oxygen consumption, i.e. to give a differentiated 
record, AO,/At; (ii) an electrical circuit to control and operate the system automatically. The 
three float recorders are described first, then the rest of the apparatus. : 

The circuit float (Fig. 1, F;) has a capacity slightly greater than one-fifth of the total circuit” 

‘volume in order to accommodate the volume changes produced by removing and replacing the 
oxygen in the circuit gas (the amount of nitrogen remaining unchanged). In this way the oxygen 
content of the circulating gas can be varied from 0 to 21%; and the position of the float indicates 
the oxygen percentage. This float has a low inertia and rapid response even when counterbalanced ; 
its capacity ig 600 ml., yet it responds promptly to a change in volume of less than 4 ml. The 
pressure inside it is always equal to ambient barometric pressure: this point is of some importance, 
‘see below. 

The oxygen-differentiating float (Fig. 1, F,) is of small capacity (ca. 12 ml.), and is weighted so 
that the pressure within it is maintained at 3 mm water above ambient barometric pressure. Thus 
gas can only pass from the differentiating float into the circuit, and not the other way. Between 
this float and the closed circuit is a valve to control the rate at which oxygen enters the circuit 
(electromagnetic valve Z in Figs. 1 and 2); this valve is actuated by a photo-electric device, which 
senses any tendency for the circuit float to tall (see electrical circuit II, Fig. 2). A vane (Fig. 1), 
fixed to the circuit float, cuts off light falling on the controlling photocell as the volume of gas 
enclosed in the circuit diminishes; this causes the valve to open, allowing oxygen to enter the. 
circuit until the vane has been restored, when the valve again shuts. 
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The volume of gas enclosed in the circuit is maintained continuously constant to within 0-5 ml., 
and oxygen consumption rates as low as 2 ml./min can be satisfactorily recorded (for exampie, see 
Fig. 4). The photocell-and-light unit can be racked up and down and thus set in any position 
within the range of the circuit float; at each position of the photocell theve will be a certain 
percentage of oxygen in the circuit gas. 


Direction of travel: 
of record 


Heat 
exchanger 
Fig. 1. Diagram of apparatus, together with specimen record. The record shows alternating 
periods during which the automatic oxygen replacement system either is in operation 
(labelled a) or is not (labelled 6). When oxygen is not replaced, the diminution in circuit 
volume results from the removal of oxygen by the animal only, in this piece of record. Note 
that, to prevent them from fouling one another, the three frontal-writing levers are staggered 


30 that they have a horizontal displacement relative to one another: for this reason the 


oxygen-differentiating float and the oxygen-storage float record with an apparent phase 
retardation of 4 min and 7 min respectively behind the circuit float. Pressure (mm H,O) 
within each float is indicated in diagram in relation to atmospheric pressure, e.g. P = 7 
indicates pressure 7 mm H,0 above atmospheric. Adult guinea-pig: environmental tempera- 
ture 30° C; At = $ min. 


The filling of the oxygen-differentiating float is controlled by electrical circuit I shown in Fig. 2. 
This float is refilled regularly to a constant volume from the larger oxygen-storage float, via another 
electromagnetic valve (W in Figs. 1 and 2). The time interval is adjusted to suit the animal’s rate 
of oxygen consumption: though, should the float become empty within the period of one time 
interval, it refills immediately; thus the oxygen percentage in the circuit gas.can be rapidly 
increased merely by racking the photocell-and-light unit up to the appropriate setting (see Fig. 4). 

To prevent both W and Z being open at the same time & high-speed relay in circuit I (Y, Fig. 2) 
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operates a change-over contact in circuit II, so that while current flows in I, the grid in II is 
{ short-circuited to earth; thus valve Z is held tightly shut whenever W is open. 3 

} The owygen-storage float (Fig. 1, F,) has a capacity of 600 ml.; the pressure within it is maintained 
at 7mm water above ambient barometric pressure. The extra pressure is just sufficient to refill the 
differentiating float at a reasonable rate, but not big enough to cause a significant error in the 
volume measurement, This float is refilled from an oxygen cylinder as required, via a gas-washing 
bottle containing water; the oxygen it contains is in equilibrium with water vapour at room 
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Fig. 2. Diagram of electrical circuit. Circuit I controls the filling of the oxygen-differentiating 
float. Circuit II controls the entry of oxygen into the closed circuit. The two mercury con- 
tacts and electromagnetic valve W in circuit I, and the photocell and electromagnetic valve Z 
in circuit II are also shown in Fig. 1, to indicate their positions in relation to the rest of the 


apparatus. 


The oxygen-consumption record (see Fig. 1, section of record). When the oxygen-feed system is 
not in operation, the circuit float produces a trace which slopes upwards (the slope depends on the 


“te of disappearance of oxygen from the circuit gas), while the other two floats trace horizontal 
ines, 


When the oxygen-replacement system is in operation, the circuit float traces a horizontal line— 
the position of this line indicates the oxygen percentage in the circuit gas. The oxygen-storage 
float produces a trace which slopes upwards, moving in a stepwise manner (each step represents 
one filling of the oxygen-differentiating float); the rate of rise gives an inipression of the average 
rate of oxygen consumption. The differentiated record, however, shows up clearly small and 
transitory variations in oxygen consumption, which are more or less invisible in the storage-float 
trace (see Figs. 1 and 4). When the record has been measured up, though total oxygen consump- 
tion is obtained more easily and slightly more accurately from the storage-float trace, the 
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differentiated measurements are of greater value, because they are more accurate over short 
periods and readily lend themselves to statistical methods of analysis. 

At the end of each experiment, the two oxygen floats are calibrated by removing known volumes 
of gas with a syringe; the calibration has remained constant for more than six months. For each 
record the sum of the volumes of oxygen discharged by the differentiating recorder over a period 
of about half an hour is compared with the volume of oxygen discharged from the storage tank 
over exactly the same period: the agreement between the two is almost always within 2%: how- 
ever, if the difference is greater than this, the base line for the differentiating float is adjusted so 
that the two values correspond. All volumes of oxygen are finally calculated as dry gas at s.t.p. 

The animal chamber is simply a Perspex cylinder of suitable size, so that the animal is unable to 
turn round; the ends are closed by rubber bungs through which pass glass tubes for circulation of 
gas. The animal’s environmental temperature is rigidly controlled by immersing the animal cham- 
ber in a well-stirred water-bath, which ean be thermostatically controlled at any desired tempera- 
ture (+0-05° C). A heat exchanger (made from a piece of motor-car radiator), through which the 
circuit gas passes before entering the animal chamber, ensures that the temperature of the gas 
entering the chamber is always the same as that of the water-bath. 

The CO, absorber is self-indicating soda-lime of fine mesh, firmly packed into a vertically mounted 
Pyrex tube. A gradual accumulation of CO, in the circuit gas during the course of the experiment 
would invalidate the results; with an animal in the circuit, gas leaving the CO, absorber can be 
bubbled through baryta water for many hours without producing more than a very faint trace 
of precipitate. | 

The circuit gas 

Pump to circulate the circuit gas. The design and method of functioning of the whole apparatus 
impose certain rigid criteria for the pump, which, to be suitable, must have a very small 
capacity, and be absolutely leak-tight under operating conditions. Its rate of delivery must 
range from about 500 to 2500 ml./min, and the volume delivered must be largely independent of 
the back, pressure to be overcome (which may amount to 1 ft. (30 cm) of water while oxygen is 
being absorbed). The flow of gas must be smooth and continuous, free from even momentary 
discontinuities which would disturb the accurate functioning of the oxygen-consumption recording 
system; also, the pump must not generate low-frequency vibrations, since these, by exciting 
resonance at certain positions of the circuit float, again would cause distortion of the oxygen- 
consumption record. 

Various types of pump were tried. The circuit resistance is much too high for a centrifuga! 
blower to be used. Roller and piston pumps are unsuitable because their delivery is not smooth 
and continuous; small motor-driven diaphragm pumps give rise to low-frequency vibrations. 
Eventually small aquarium pumps (driven at 100 c/s by a solenoid) were found to be satisfactory ; 
though first they have to be made absolutely leak-tight by sealing with ‘ Araldite’, an intake tube 
being added at the same time. These pumps then comply with the conditions listed above; since 
each pump delivers only about 800 ml./min either one, two or three are used in parallel, depending 
on the gas flow required. 

To ensure that the animal does not re-breathe its own expired air, the rate of circulation of gas 
round the circuit is set so that it is equal to about four times the volume of gas contained in the 
animal chamber per minute; the geometry of the situation is then such that the gas advances 
down the animal chamber at a velocity of about 1-5 cm/sec. The animal is always placed in the 
chamber in a ‘nose to wind’ direction, so that CO,-free gas is continuously provided at the head 
end. 

Measurement of the oxygen content of the circuit gas. A rapid and reliable method for determining 
the oxygen content of the circuit gas is essential. At first small samples of about 0-5 ml. gas each 
were withdrawn from the circuit and analysed in a Scholander micro-gas-analysis apparatus. 
(I wish to thank Major Adam and his team at Hampstead for their kindness in teaching us this 
technique.) However, this method is time-consuming, and about 20 min elapses before the result 
is known; such delay tends to prolong experiments and to restrict their scope. 
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Fortunately, after a time, we were able to use a Cambridge Oxygen Measuring Unit (Magnetic 
Type, cat. no. 93631), which proved ideally suited to this purpose. (I am grateful to Professor H. 
Barcroft, St Thomas’s Hospital Medical School, for the generous loan of this instrument.) Part of 
the circuit gas is diverted through the meter (Fig. 1). The instrument functioned with a reliable 
accuracy of +0-5% over a long period. Incidentally its use provides a sensitive detector of leaks. 

Lowering the oxygen content of the circuit gas. Incorporated into the circuit is an alternative route 
for the circuit gas, through a gas-washing bottle containing chromous chloride or anthraquinone, 
then through a tube packed with charcoal granules; this is normally kept sealed off from the rest 
of the circuit. To induce hypoxia; sti is removed rapidly from the circuit gas by passing it 
through the gas-washing bottle. : 

of accuracy 

Testing for leaks. All parts of the apparatus are joined together with glass or polyvinylchloride 
tubing (internal diam. ~ 6mm). A stringent leak test is always performed before each experiment 
is started, by running the kymograph with the circuit float both weighted and unweighted, and 
the oxygen floats full. 

Consideration of possible sources of error. Change in volume in the closed circuit will accurately 
represent the oxygen consumption of the animal only if there are no other significant sources of 
volume change. The main possible causes of error arise from leaks, CO, accumulation, and 
changes in temperature; the first two have already been dealt with. So far as temperature is con- 
cerned, the apparatus has two well-defined regions. In the first the temperature is closely con- 
trolled; this consists of the animal tank and heat exchanger, which are immersed in the water- 
bath. In the second the temperature is not closely controlled; this comprises the rest of the 
apparatus, which is exposed to ambient temperature in a room without air-conditioning. 

The animal tank and heat exchanger. The thermostatic control of the water-bath is so accurate 
that no detectable variations in circuit volume arise from this source while the water-bath is 
maintained at constant temperature. The volume change which occurs when the temperature is 
changed can be measured: it follows an exponential time course, with a half-time of about 1 min; . 
its magnitude depends on the size of the animal chamber used, and the amount by which the 
temperature is changed. For practical purposes, the volume change is complete 3 min after the 
water-bath temperature has reached a new level. 

The rest of the apparatus. The capacity of this part of the circuit has been kept to an absolute 
minimum. In effect, the volume of gas exposed to ambient temperature varies between 800 and 
1200 ml., depending on the position of the circuit float. The room and circuit-gas temperatures are 
fairly stable; though both gradually rise during the course of the day, the rate of rise is never 
faster than 1° C/hr, and usually much less than this. The maximum error which could be produced 
in this way is negligible compared with the oxygen consumption of even the smallest kitten. 
Changes in barometric pressure occurring during the course of an experiment do not give rise to a 
significant error. 

Other possible sources of error. For about 10-15 min after the animal is first put into the chamber, 
and the apparatus set running, heat and water-vapour equilibration will be taking place; after 
that there will be no further volume change from this cause. Excess water is removed in a cooled 
tube. 

It is observed that during an experiment the oxygen percentage in the circuit gas very gradually 
and steadily falls; this means that less oxygen is entering the circuit than the animal is actually 
consuming. The deficit (6-8 ml. O,/hr) is ‘too great to be accounted for solely by the rise in room 
temperature, and the effect must be due to contamination with a ‘foreign’ gas. 

[t is not due to a leak, because when the apparatus is running without the animal in the circuit 


the volume of the enclosed gas and the oxygen meter reading stay more or less constant. Such an 


effect would occur if the oxygen entering the circuit was slightly impure. The oxygen derived from 
a cylinder seems to contain something like 0-2% of inert gases (my estimation, using the Scho- 

lander technique). Because the amounts involved are so small it is impossible to demonstrate how 
much of the fall in oxygen percentage is accounted for in this way. In so far as this is the source 
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of the oxygen deficit, it will give rise to no error in the oxygen consumption measurements, because 
for say 10 ml. oxygen consumed, exactly 10 ml. gas will be replaced, and measured as oxygen 
consumed. 

There is also the possibility that gases other than CO, are produced by the animal. Hydrogen 
and methane are generated in the intestines of herbivores during digestion (Krogh, 1916). Rumi- 
nants certainly produce considerable quantities of methane; however, the rate of production falls 
rapidly after feeding, becoming minimal 16-24 hr after the last meal (Brody, 1945, pp. 26-32, 323). 
Methane is difficult to estimate quantitatively, and I could find no recorded measurements of 
methane production by the guinea-pig. To minimize this error the guinea-pigs used for these 
experiments were starved for 24~48 hr, and their methane production must have been small. 


Animal management 


All the experiments were performed with unanaesthetized animals, either kittens or adult 
guinea-pigs. 

Kittens were used from within an hour or so of birth up to 40 days of age; they were not starved 
before the experiment, and were returned to their mothers immediately afterwards. The experi- 
ments did not appear to harm them, and they throve and gained weight quite as well as their 
unused sibs. Usually the same kitten from a litter was used for a whole series of experiments. At 
birth a kitten weighs 80-120 g; by about 9 days of age it has doubled, and at 3 weeks trebled, its 
birth weight; the range of weight of all the kittens used was 80-550 g. To get consistent results it 
is essential that the animal should not become damp during the experiment, so the kitten’s 
bladder was emptied before it was put into the chamber (by gently stroking the perineum with 
cotton-wool). 

Guinea-pigs were deprived of food for 2448 hr, and of water for 12 hr, before an experiment. 
They were housed as far as possible at a constant environmental temperature of 65° F (19° C). 
The range of weight of the guinea-pigs was 225-850 g. 

Experimental procedure. The animal’s rectal temperature was measured to within + 0-025° C by 
means of a copper-constantan thermocouple, thinly sheathed in polyvinylchloride tubing. This 
was left in situ throughout the experiment. After weighing the animal the thermocouple, lubri- 
cated with xylocaine ointment, was inserted as far as possible (at least 4 cm beyond the anal 
margin in kittens, further in guinea-pigs) and secured in place with tape. The thermocouple is 
fine and flexible and its presence does not disturb the animal. 

Though unsedated, the animals settled down quickly after being put into the apparatus, and 
generally remained quiet or slept through most of the experiments: the humming noise of the 
pumps, and the absence of other sensory stimuli may combine to produce a soporific effect. The 
occurrence of activity was always noted down, its intensity being specified in terms of an arbitrary 
five-point scale, Also, at intervals of 5-10 min throughout éach experiment, the following readings 
were recorded : the animal’s rectal temperature; the temperature of the water-bath, the room air 
and the circuit gas; and the oxygen-meter reading. At the same time any other observations 
relevant to the state of the animal were noted down also (e.g. whether cyanosed when hypoxic). 
A clock was set going at. the same time as the oxygen-consumption recording was commenced, so 


that later the hand-written information could be accurately keyed to the record of oxygen con- 
sumption obtained automatically. 


RESULTS | 
The effect of hypoxia in relation to maturity 
The first question which has to be answered is whether it is only new-born 
animals that respond to hypoxia by reducing their oxygen consumption. This 
was investigated by comparing kittens aged 1-40 days with adult guinea-pigs 
of roughly the same size; oxygen consumption was measured while the animal! 
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was breathing various percentages of oxygen ranging from 25 to 6 %. In these 
preliminary experiments the environmental temperature of the animals was 
not rigidly controlled: it varied, depending on the room temperature, from 
20 to 27° C, though usually it lay between 21 and 24°C. This temperature 
range 18 not very great, and the -temperature variations were similar for 
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Oxygen consumption (ml./min . kg#) 


Oxygen in inspired gas (%) 
Fig. 3. The effect of hypoxia on the oxygen consumption of kittens aged 1-40 days (O), and adult 
guinea-pigs ( x ). The environmental temperature was not rigidly controlled but varied from 
20 to 27° C according to the ambient temperature; however, the temperature variations were 
roughly similar for both species. Oxygen consumption is plotted in units which minimize the 
effect of variation in size between one animal and another; see text. 


both species. Incidentally, none of the animals was ever observed to shiver 
at these environmental temperatures. 

The results obtained are shown in Fig. 3, where oxygen consumption (ordi- 
nates) has been plotted against the oxygen percentage in the inspired gas 
(abscissae). Each point represents one animal’s average oxygen consumption 
over a 10-20 min period. Hee 

Because kittens grow very rapidly after birth (p. 352), the animals actually 
varied considerably in size; the heaviest weighed about six times as much as 
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the lightest. Therefore oxygen consumption could not be plotted directly, 
i.e. in (ml./min) per animal: nor would plotting it in (ml./min) per kilogram 
have been satisfactory, since it is well known that larger animals have a lower 
oxygen consumption per kilogram than smaller ones, merely because of their 
size (see e.g. Brody, 1945, p. 354). The effect of size was minimized by plotting 
oxygen consumption in (ml./min) per kilogram?: this procedure will be justi- 
fied later (p. 355). 

Though the scatter is rather large, Fig. 3 shows no obvious difference 
between kittens and adult guinea-pigs in their response to hypoxia: both showed 
decreased oxygen consumption more or less in proportion as the oxygen 
content of the inspired. gas was reduced below about 15%. It was noted that 
in every case in which hypoxia produced a fall in oxygen consumption a fall 
in rectal temperature occurred also. 

The inference is that reduction in oxygen consumption as a result of 
hypoxia is not a response specifically shown only by new-born animals. But 
the animals were chosen so that both new-born and adults were small, and of 
a roughly similar size, so the question arises whether this particular response 
to hypoxia is characteristic of mammals of small size, regardless of age. This 
is dealt with below (p. 365). 


The effect of environmental temperature 
It has been known for a long time that adult mammals increase their rate of 
metabolism when the environmental temperature is low; in general, the smaller 
the animal, the more sensitive it is to a small change in environmental tempera- 


ture, Thus for a close analysis of the relation between oxygen consumption and _ 
hypoxia, the environmental temperature must be taken into account as a third 


and independent variable. Incidentally, its control should have the advan- 
tageous effect of reducing the scatter of the observations. 

The effect of environmental temperature on the metabolism of adult guinea- 
pigs has been investigated by Herrington (1940), but no such study has been 
made on kittens. Therefore, the relation between oxygen consumption and 

environmental temperature in kittens breathing 21% oxygen had to be investi- 
. gated in detail; a similar study in adult guinea-pigs was also made for 
comparison. To keep this paper reasonably short the experimental results of 
these investigations will have to be given in a later paper; this one will deal in 
detail only with the effect of hypoxia. However, to understand what follows. 
it will be necessary to accept in advance the following findings. 

Kittens from within a few hours of birth were able to maintain a reasonable 
body temperature (in the region of 37-5-39° C) in the face of environmental 
temperatures down to 28°C. They did this by increasing their oxygen con- 
sumption above the basal level. Their neutral temperature zone (i.e. the range 
_ of environmental temperatures at which metabolism was minimal) was in 
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the region of 34-36° C (under the experimental conditions of this apparatus). 
In their ability to produce a metabolic response to cold they showed qualita- 
tively the same reactions as an adult homoeotherm (e.g. guinea-pig). Both 
kittens and adult guinea-pigs were able to double their basal metabolic rate 
without shivering: and at the environmental temperatures used in these ex- 
periments, shivering was never observed. (For a preliminary report of these 
observations, see Hill (1958).) — 


| The effect of size 

In Fig. 3, where the oxygen consumption of kittens and adult guinea-pigs of 
various sizes had to be compared, oxygen consumption was plotted in (ml./ 
min)/kg**, in order to minimize the effect) of size. This is effective only when 
metabolic rate is proportional to (body weight)?*, Metabolic rate has been 
variously reported as being proportional to: 

(body weight)", the classical Surface Law (Sarrus & Rameaux, 1839); 

actual skin area (e.g. DuBois & DuBois, 1915); 

(body weight)*’* (Brody, 1945, p. 370); 

(body weight)** (Kleiber, 1947). | 
It is not certain which of these expressions applies best to mature animals; 
and moreover, when growing animals are considered, there is evidence that 
none. of these expressions may be found to apply (see e.g. Brody, 1945, 

pp. 404-450). A discussion of the reasons for the disagreement cannot be 
- entered into here. Under the circumstances the only satisfactory procedure 
was to determine experimentally how metabolism did vary with size in the par- 
ticular animals under consideration, and this has been done. Again, the details 
of the investigation will have to be given in a later paper, but the essential 
finding that must be briefly reported here is that the basal metabolic rate of 
both kittens and adult guinea-pigs of various sizes is rather precisely related 
to, (body weight)”; and for both has a value in the region of 10 ml./min. kg?®. 
At environmental temperatures below a neutral value this relation no longer 
holds true: but this fact has not affected the decision to plot all comparative 
measurements of oxygen consumption ‘per kg”*’; this remains the simplest 
and most reasonable thing to do, no matter what the environmental tempera- 
ture is. 

It is thus seen that a comparison of the effect of hypoxia on the oxygen con- 
sumption of kittens and adult guinea-pigs actually turns out to be very com- 
plicated. Oxygen consumption, which is the parameter measured, is certainly 
affected by the size of the animal, its thermal insulation and the environ- 
mental temperature to which it is exposed, as well as by the oxygen tension 
in the gas that it breathes; and detailed knowledge of the interrelation between 
all these variables is necessary in order to define accurately the relation between 
any two of them. In conjunction with these factors, the possible effect of 
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species and maturity has also to be considered. We can now return to the 
investigation of the effect of hypoxia. 


The effect of hypoxia in relation to environmental temperature 
Kittens 

Below the neutral temperature. Figure 4 shows the kymographic record of an 
experiment performed at a controlled environmental temperature of 28° C, in 


me (min) 


Fig. 4. Experimental record showing the effect of hypoxia on the oxygen consumption of a kitten, 
age 5 days, weight 145 g. Environmental temperature controlled at 28° C (below the neutral 
temperature). Oxygen was removed from the circuit gas with the aid of an oxygen absorber. 
It was réplaced by racking the photocell-and-light unit up to the desired position, so that 
the oxygen-differentiating float repeatedly emptied into the circuit and refilled (shown by 
the heavy white lines), until the required amount of oxygen had been replaced, when auto- 
matic oxygen-consumption recording recommenced. Note that because the writing levers 
are staggered (see legend to Fig. 1), the oxygen-differentiating and storage floats apparently 
record 1 min and 5 min respectively behind the circuit float. 


which the oxygen content of the gas breathed by a kitten was first lowered in 
stages, then restored in stages; oxygen consumption being measured at each 
oxygen level. The record shows a prompt and obvious decrease in oxygen 
consumption with each reduction in the oxygen level; the more severe the 
hypoxia, the greater the reduction in the oxygen consumption. The oxygen 
content of the circuit gas was restored in stages, and the record shows a step- 
wise increase in oxygen consumption. The environmental temperature, 28° C 
was below the neutral temperature for this animal, and this result is obviously 
similar to the results obtained in the preliminary experiments (see Fig. 3). 
At the neutral temperature. Another experiment in which a kitten was sub- 
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: jected to hypoxia at a controlled environmental temperature is shown in 
| Fig. 5, but here the effect of a given degree of hypoxia (10% oxygen) was 
| compared at two different environmental temperatures, first at the neutral 
temperature (34°C), then at 26°C (below the critical temperature). Clearly, 
at the neutral temperature hypoxia of this degree did not produce a change in 
_ either the animal’s oxygen consumption, or its rectal temperature. In contrast, 
when the animal’s oxygen consumption had first been increased by lowering 
its environmental temperature, the same degree of hypoxia caused a sharp fall 
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Fig. 5. The plotted results from an experiment in which a kitten, age 15 days, weight 282 g, was 
subjected to hypoxia (10% oxygen) at two different controlled environmental temperatures: 
first at its neutral temperature, 34° C; then at 26° C, which is below the neutral temperature. . 

a a ,animal’s rectal temperature. The block diagram shows the animal’s oxygen consumption 

(averaged over 5 min periods); the oxygen percentage in the inspired gas is indicated by the 

numeral inside each block. é: 4 


in oxygen consumption, and a slower, more or less. exponential, fall in rectal 
temperature. It should be noted that the animal became cyanosed when 
breathing 10° oxygen, and the degree of cyanosis appeared to be the same 
|} whether the animal was at its neutral temperature or at the lower environ- 
mental temperature. | 

The same general response to 10°% oxygen was also shown by a very much 
smaller and younger kitten; this is demonstrated in Fig. 6. This type of response 
| has been obtained without exception in all kittens older than 24 hr. Thus the 


4 
Me 
q 
| 
{ 
2 
§ 
2 
} 
4 
1 
' 
a 


358 JUNE R. HILL»; 


experiment illustrated in Fig. 5 is typical; this figure exemplifies various — 


further points which will now be considered. 

Special aspects of the phenomenon at the low environmental temperature. In the 
latter part of this experiment (Fig. 5), when the animal] was below its neutral 
temperature, hypoxia was maintained for almost an hour and a half. During 
this time the oxygen consumption remained more or less at the level to which 
it fell at the onset of the hypoxia, while over the same period the animal’s 
rectal temperature fell from about 38-0 to 34-8° C. The sudden fall in oxygen 
consumption was thus a primary response to hypoxia, while the gradual fall 
in rectal temperature was a secondary effect consequent upon the reduction in 
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Fig. 6. Results from an experiment of a similar nature to that shown in Fig. 5; but in this case 
the kitten was very much younger, 2 days old, weight 124 g. Conventions as for Fig. 5. 


metabolism (von Fliickiger, 1956; Moore, 1956). This difference in time course 
disposes of the argument, mentioned by Gellhorn (1943), that the decrease in 


metabolism is a result of the fall in body temperature (through a Q,, effect). . 


In fact, in spite of the fall in body temperature, no further fall in oxygen con- 
sumption was observed throughout the period of hypoxia. 

While at the lower environmental temperature the animal was not obviously 
more active when breathing 21° oxygen than when breathing 10% oxygen; 
in fact, the reverse was the case. The depression in oxygen consumption 
produced by 10% oxygen was, therefore, not just due to a reduction in gross 
activity. Neither was it due to the reduction in shivering shown by Hemingway 
& Birzis (1956), since the animal never shivered, even when it was breathing 
21% oxygen. 

One further point should be mentioned. The slight restraint imposed by the 
snug fit of the animal in the chamber is not sufficient to cause the phenomenon 
of restraint hypothermia (see e.g. Wilber & Robinson, 1958), so this is not a 
complicating factor. 


Is an oxygen debt paid back after hypoxia? The activity of the intranl is not 
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shown in Fig. 5, but it was noted that the animal was conspicuously agitated 
when it was hypoxic. Activity of this degree would have led to a definite 
increase in oxygen consumption had it occurred while the animal was breathing 
21% oxygen; yet there was no increase in oxygen consumption during hypoxia. 
The source of energy for this increased muscular activity is thus something of 
a mystery. If an oxygen debt was incurred, there is no sign, at the neutral 
temperature, that it was paid back when the oxygen concentration was 
restored to 21% ; and this process could hardly be completed within the 1-2 min 
occupied by the change over from 10 to 21% oxygen. It is true that, at the 
low environmental temperature, immediately the oxygen concentration was 
restored to 21% the animal’s oxygen consumption rose to levels that are 
significantly higher (P < 0-001 in Fig. 5) than during the control period. At 
the same time, however, the animal’s rectal temperature started to rise, in a 
roughly exponential fashion, towards the control value; and it was only while 
the rectal temperature was rising that the animal’s oxygen consumption was 
significantly greater than during the control period (Fig. 5 clearly illustrates 
this). As the rectal temperature neared its former value of about 38° C the 
oxygen consumption fell off, and regained its control level at roughly the same 
time as the rectal temperature ceased to rise. In the experiment illustrated, 
the total extra oxygen consumed amounted to approximately 95 ml. This 
would yield between 450 and 480 cal. Taking a value of 0-83 for the specific 
heat of the body (Burton & Edholm, 1955, pp. 41-42), approximately 750 cal 
‘would be required to heat the whole animal through the observed 3-2° C. 
However, at the 26° C environmental temperature a heat gradient is main- 
tained between the rectum and skin, so less heat will actually be required: 
if two-thirds of the body were heated through, 3-2° C, then 500 cal would be 
needed. Though this calculation can hardly be more than an approximation, it 
shows that thermal changes alone can easily account for all the extra oxygen 
consumed. Thus it cannot be maintained that an oxygen debt has been paid — 
back, only that a heat debt has been paid back (see also Fig. 8, adult guinea-pig). 

The composite picture. By repeating the type of experiment shown in 
Figs. 5 and 6 at various oxygen levels:and various environmental temperatures 
a more complete picture is obtained. The results are shown in Fig. 7 where 
oxygen consumption (ml./min. kg?*, ordinates) has been plotted against the 
oxygen percentage in the inspired gas (abscissae) at various environmental 

temperatures (represented by the different symbols). 

- Since the amount of extra metabolism evoked by a cold environment 
depends on.the animal’s thermal insulation, any particular environmental 
temperature will not evoke the same increase in oxygen consumption in animals 
of all ages and sizes. For this reason, each symbol does not represent a unique 
environmental temperature. Instead, the environmental temperature has 


been chosen for each animal to correspond to a given increase In metabolism 
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in terms of the basal metabolic rate. Each symbol therefore corresponds to a 
range of environmental temperatures, not to a single temperature, thus: 


= B.M.R. (neutral temperature zone, 34—36° C) 
© = 1:3xB.M.R. (28-30° C) 

© = 17xB.M.R. (26-28° C) 

= 2:1 x B.M.R. (22° C). 


Oxygen consumption (ml./mnin. kg?) 


Oxygen in inspired gas (%) ' 

Fig. 7. The effect of hypoxia on the oxygen consumption of kittens aged 1-26 days at various 
controlled environmental temperatures: results obtained from a large number of experiments 
of the type shown in Figs. 5 and 6. The different symbols denote the various controlled environ- 

_ mental temperatures at which the experiments were performed (see text for further details). 
Where the points would otherwise have fallen on top of one another, they have been spread 


slightly in a horizontal direction. Note that kittens below the age of 4 days are not repre- 
sented at the 22° C environmental temperature. 


Figure 7 shows that the oxygen consumption of kittens in a thermally 
neutral environment did not fall when the oxygen content of the gas they were 
breathing was reduced, but remained at the basal level until the oxygen con- 
centration had fallen below 10%. In sharp contrast, when the kittens’ 
metabolism had been previously raised, by lowering the environmenta! 
temperature, their oxygen consumption was reduced by moderate hypoxia, 
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and the greater the extra oxygen consumption, the more readily was it reduced. 
Kittens of various ages from 24 hr old onwards are represented in this figure; 
| they all responded similarly. Kittens more than about 10 days old seemed 
to be slightly better at maintaining their oxygen consumption in the face of 
hypoxia than were younger kittens; however, the difference was not great. 
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Fig. 8. Results from an experiment in which an adult guinea-pig, weight 500 g, breathed 10% 

oxygen at. two different controlled environmental temperatures, first at 20° C, then at its 
: neutral temperature, 32°C (compare with Fig. 5, kitten). «..... , rectal temperature. The 
| block diagram shows oxygen consumption (averaged over 5 min periods); the numeral inside 
each block indicates the percentage oxygen in the inspired gas. 


Kittens less than 24 hr old. It will be appreciated that from each litter of 
kittens only one can ‘possibly be studied within 24 hr of birth. Three such 
immature animals, which did show a metabolic response to cold, appeared to 
respond to hypoxia in qualitatively the same manner as the older kittens; but 
without further experiments one cannot be sure how far the similarity goes. 
One kitten less than 24 hr old, which failed to show a metabolic response to 
cold, failed to show a reduction in oxygen consumption in response to breathing 


10% oxygen when it was at a low environmental temperature. 
24-2 
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Adult guinea-pigs 
‘The response to hypoxia shown by adult guinea-pigs follows essentially the 


same pattern as that just described for kittens (compare Figs. 8 and 9 with - 


Figs. 5, 6 and 7); further detailed description seems unnecessary. However, 
the environmental temperature required to evoke, say, a doubling of the basal 
metabolic rate is lower in guinea-pigs than in kittens because of the somewhat 
greater thermal insulation of the former. 
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Fig. 9. The effect of hypoxia on the oxygen consumption of adult guinea-pigs at various controlled 
environmental temperatures (compare with Fig. 7, kittens). The different symbols denote the 
various environmental temperatures at which the experiments were performed: 7 10-15°C, 

+ 20-25°C, & 26-30°C, x 32°C (neutral temperature). . 


The conclusion reached as a result of the experiments shown in Fig. 3 is 
confirmed; namely, that reduction in oxygen consumption as a result of 
hypoxia is not a response shown by new-born animals only. In all cases the 
type of response obtained is determined largely by the level of metabolism 
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immediately before the induction of hypoxia; and the level of metabolism at 
rest is in turn determined by the environmental temperature to which the 
animal is exposed. " 
DISCUSSION 

It will have been noted that oxygen consumption measurements have been 
used as the sole guide to the rate of metabolism, and no determinations of CO, 
production have been made; in fact, throughout this paper oxygen consump- 
tion, metabolism and heat production have been used interchangeably as 
though they were proportional to one another. This is more or less true when 
the animal is breathing 21% oxygen, but does not necessarily apply when it is 
hypoxie—for here metabolism (i.e. chemical reaction) may proceed anaero- 
bically, as well as aerobically. Incidentally, the heat evolved during the 
performance of a given amount of work when the energy is obtained anaerobi- 
cally, by glycolysis for example, is much less than when the energy is obtained 
by aerobic processes (approximately half in the case of muscular work, see, 
for instance, A. V. Hill, 1928). Nevertheless, the rate of metabolism cannot 
be less than is indicated by the oxygen consumption. 

CO, production was not measured because in this investigation metabolism 
was studied during transitory states. Under these circumstances CO, output 
will have no significance, since it will give no hint of the metabolic processes 
that are actually occurring. There are very considerable stores of CO, in the 
body, and the exact amount stored varies, depending particularly on the 
pulmonary ventilation (Farhi & Rahn, 1955): it is only during the steady state 
that an animal’s CO, output accurately represents its metabolic CO, produc- 
tion. During hypoxia there are even more uncertainties in the interpretation 
of CO, production, since anaerobic and aerobic processes may both be going 
on at the same time. 

Oxygen, on the other hand, cannot be stored in the body to any great extent; 
consequently, over any given period the animal’s oxygen absorption faithfully 
represents the oxygen utilized in the body—and incidentally the steady state 
is achieved very rapidly after altering the oxygen tension in the inspired gas. 
The uncertainty i in interpreting CO, output is thus very much greater than the 
error in calculating metabolism (less than +3 °%/) that could arise solely from 
disregarding variations in the respiratory quotient. 

The results presented here indicate that kittens and adult guinea pigs both 

respond in a similar way to hypoxia of moderate severity. Moreover, in 
-Tesponse to a given degree of hypoxia, oxygen consumption may be either 
unchanged, or greatly decreased, depending entirely on whether the animal 
was originally consuming oxygen at its basal rate or faster than this. In these 
experiments the animal’s original metabolic rate was varied by varying the 
environmental temperature. These results must now be considered in relation 
to bere reports about the effects of hypoxia in adult and new-born animals. 


q 


364 JUNE R. HILL 


The relevant literature is rather confusing. Oxygen consumption, as we 
have seen, depends on many factors; and, unfortunately, published reports do 
not always contain sufficient experimental detail to allow a proper assessment. 


‘This makes it difficult to compare one set of results with another. In addition 


one has to distinguish carefully between acute and chronic hypoxia, because 


there is no doubt that acclimatization greatly increases tolerance to hypoxia, 


and considerably modifies the response. Also, two different methods are used 
to produce hypoxic hypoxia—by lowering the ambient barometric pressure, 


or by reducing the proportion of oxygen present. These have customarily been — 


compared on the basis of the partial pressure of oxygen in the atmosphere, 
but it seems more reasonable to compare the gases after saturation with water 
at body temperature; so this procedure has been followed here, employing the 


formula 
(p—4T) x 20-96 
m= 
atl ab 760 —47 


where p is atmospheric pressure (mm Hg). For further discussion, see Fenn, 
Rahn & Otis (1946). . 

Acheson et al, (1957), McCance & Widdowson (1957) and Cross et al. (1958) 
have-recently discussed various aspects of the literature concerned with the 
effect of hypoxia on man and animals, both adult and new-born. Therefore 
only a brief summary of the essential findings will be given here, starting with 
adult man and going on to smaller adult mammals, then to infant and new- 
born animals. 

Adult man. Almost all the experimental work on hypoxia in man seems to 
have been done either at high altitudes, or in a decompression chamber. It 
appears to be dangerous for an unacclimatized man to breathe an atmosphere 
containing oxygen at a tension much less than 75 mm Hg (19,000 ft. (5793 m) 


<= 9% oxygen at 1 atmosphere) for even a short length of time (Matthews, — 


1954), and unacclimatized men have died from breathing an atmosphere, 
with an oxygen tension of about 55 mm Hg (27,000 ft. (8230 m) = 6-2% 
oxygen)—for example, Sivel and Croce-Spinelli. Huckabee (1958) mentions 
that fasting, resting human subjects given 10% oxygen to breathe showed no 
decrease in oxygen uptake (acute experiments). In acclimatized man under 
basal or near-basal conditions oxygen consumption is unchanged between sea- 
level and 22,000 ft. (6706 m) = 8% oxygen (Houston & Riley, 1947; Pugh, 
1957). Nevertheless, even at lower altitudes than this there is a considerable 
reduction in maximal work output and maximum oxygen consumption (Dill, 
Edwards, Folling, Oberg, Pappenheimer & Talbott, 1931; Henderson, 1939; 
Pugh, 1958). | 

Adult smaller mammals. In adult dogs at rest death occurs at below 6°, 
oxygen (acute exposure), but oxygen consumption does not fall until death is 
imminent (Cordier & Mayer, 1935; Gorlin & Lewis, 1954; Huckabee, 1958). 
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With still smaller mammals one finds apparently conflicting reports. In 
rabbits, for example, Ogata (1923) showed that oxygen consumption fell 
progressively with increasing hypoxia below 14%; on the other hand, Hamon, 
Kolodny & Mayer (1935) found that the oxygen content of the inspired air 
could be reduced down to 8-4% without a fall in oxygen consumption. Rats 
given 10% oxygen showed a 30% decrease in oxygen uptake (von Flickiger, 
1956); Blood, Elliott & D’ Amour (1946) found about the same decrease as the 
barometric pressure was lowered from 5000 ft. to 32,000 ft. (1524 m to 9752 m) 
i.e. down to the equivalent of 4-7% oxygen at 1 atm, but since they were 
working at Denver, Colorado, their rats were acclimatized to 5000 ft. Lintzel 
(1931) subjected rats to low pressure at different environmental temperatures; 
they showed a marked fall in oxygen consumption at ordinary temperatures, 
but a slight increase at high temperatures. Mice show a decrease in oxygen 
consumption in proportion as the oxygen content. of the gas they breathe is 
decreased below 20°% (Chevillard & Mayer, 1935). In this and other evidence, 
the over-all impression given is that the larger mammals show no reduction 
in oxygen consumption with hypoxia but that the smaller mammals are more 
sensitive. 

New-born mammals, The new-born appear to behave like adult small mam- 
mals. The oxygen consumption of human new-born infants (Cross et al. 1955, 
1958) and of puppies and kittens (Moore, 1956a, b) is reduced when they are 
given 15°, oxygen or less to breathe instead of air. Cross and his associates 
have also shown, by a type of direct calorimetry, that the heat production of 
the human infant is lower when breathing 15° oxygen than when breathing 
air (Brodie, Cross & Lomer, 1956, 1957). Finally, Acheson et al. (1957) showed 
a reduction in the oxygen consumption of foetal and new-born lambs when 

their arterial oxygen saturation fell below 35%. 
The experimental results described in this paper are compatible with all these 
reports. They reveal, in addition, that whether or not there is a reduction in 
oxygen consumption in response to moderate hypoxia depends largely on the 
environmental temperature. 


Hypothesis to explain the apparent difference between small . 
and large mammals 


Obviously it is desirable to see whether an explanation can be found that 
will fit, and unify, the various findings that have been discussed above. It 
seems to me that the apparent difference between large and small animals, and 
the conflicting reports about small animals, could all be explained by the fact 
that whether or not moderate hypoxia causes a reduction in an animal’s 
oxygen consumption depends largely on whether the animal was originally 
metabolizing at its basal rate, or faster than this. 

At ordinary ambient temperatures the resting metabolic rate (per kg*) of 
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smaller animals tends to be higher than that of larger animals; this arises 
simply from the fact that a small animal usually has a thinner pelt and less 
insulation than a larger one. This fact has two consequences for the small 
animal: its neutral temperature is high; and its metabolism rises more steeply 
as the environmental temperature falls below the critical value. (Of course, 
this does not apply equally to all small mammals: those which live in cold 
regions usually possess a pelt of good insulating properties, for example the 
arctic ground squirrel (Erikson, 1956) and the arctic lemming (Scholander, 
Hock, Walters, Johnson & Irving, 1950).) Rats, mice and guinea-pigs are all 
well below their critical temperature under ordinary experimental conditions 
at room environmental temperatures (Herrington, 1940), whereas dogs 
(Rubner, 1902) and clothed men (Winslow, Herrington & Gagge, 1937; 
Erikson, Krog, Andersen & Scholander, 1956) are not. This would account for 
the difference between the effects of hypoxia on large and small mammals; 
and in a thorough search of the literature I have not been able to find experi- 
mental evidence that contradicts this view. Indeed, where it is possible to 
make a reasonable judgement as to the original metabolic rate, the evidence 
actively supports this explanation. 

The same considerations must apply when new-born animals are compared 
with more mature ones. Both the new-born and adult animals studied here 
reacted to environmental temperature and to hypoxia in a qualitatively 
similar manner. The quantitative differences can be explained in terms of 
differences in thermal insulation and maximal oxygen absorbing power; but 
the phenomenon appears to be essentially the same in both cases. Nevertheless, 
it is well known that foetal and new-born animals can survive anoxia better 
than adults. 


Factors concerned in the ability of the new-born to survive anoxia 


In none of the experiments reported here was hypoxia taken to such an 
extreme degree as to kill the animal, and it was not the purpose of these 
experiments to discover the degree of hypoxia that the animals could survive. 
However, a large number of factors are concerned in the greater ability of the 
new-born animal to survive anoxia; environmental temperature and body 
temperature are two of them. It is interesting to speculate whether, at a 
neutral temperature (where body temperature can fall to only a very limited 
extent), an oxygen tension so low that basal oxygen demands cannot be 
satisfied is compatible with survival for longer than a few minutes. As far as 


adult animals are concerned, the available evidence suggests that (at.a pre- _ 


sumably normal body temperature) a fall below basal oxygen consumption is 
rapidly followed by circulatory failure and the death of the animal (see, for 
example, Cordier & Mayer, 1935; Gorlin & Lewis, 1954). At low environmental 
temperatures, on the other hand, the body temperature is free to fall, and does 
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so as a result of hypoxia. Experiments with adult small mammals (Phillips, 
Saxon & Quimby, 1950; Gray, 1955) and with infant animals (Edwards, 1824; 
_ Fazekas, Alexander & Himwich, 1941; Adolph, 1948; Miller & Miller, 1954) 
show that, until the low body temperature itself proves lethal, the lower the 
body temperature the longer the survival time without oxygen. This probably 
reflects a “Qy, effect’, that is, the lower the body temperature the smaller the 
oxygen requirement. In this respect new-born animals seem to have the 
advantage, since they survive cooling to a lower body temperature than do 
adults (Adolph, 1948, 1951). 

In warm-blooded animals the ‘Q,, effect’ may be obscured by the metabolic 
response to cold. However, under circumstances where the metabolic response 
to cold is abolished, the rapidity with which the body temperature falls will 
depend on (1) the difference between the temperature of the animal and the 
environment; (2) the animal’s size; and (3) the animal’s thermal insulation; 
a fall being favoured by a large thermal gradient, a small size and a small 
thermal insulation. My observations (unpublished) indicate that the thermal 
insulation of a kitten is small at birth, but increases rather rapidly with age. 
Therefore, at a given low environmental temperature, a new-born animal 
(being favoured on the last two counts) will cool more rapidly than an older 
animal or adult of the same species. Compared with an adult of the same size, 
~ the new-born will be favoured on the last score; thus the new-born are better 
suited to withstand anoxia. The magnitude of the metabolic response to cold 
must also affect the issue. Preliminary observations of my own suggest that 
new-born animals which are able to show such a response probably have a 
smaller maximal metabolic increase than do adults. There is plenty of evidence 
that biochemical and localized metabolic factors are also concerned (see, for 
example, Himwich, Bernstein, Herrlich, Chesler & Fazekas, 1942; Himwich, 
Fazekas & Homburger, 1943; Hicks, 1953; Dawes, Mott & Shelley, 1958, 
1959); but further investigation, paying strict attention to the physical 
variables enumerated above will be necessary in order to decide to what degree 
they contribute to the greater resistance of the new-born to anoxia. 


The ‘extra’ metabolism that is depressed by hypoxia 

It has been shown experimentally in the preceding sections that the extra 
metabolism provoked by a cold environment is especially sensitive to hypoxia. 
Two questions inevitably come to mind: first, what is the site of this extra 
metabolism, and second, is an increase in metabolism arising from other causes 
equally sensitive to hypoxia? : 

Heat is produced easily and conveniently by muscular activity, but there 
~ has been much debate over whether the whole of the increased output of heat 
that occurs in response to cold comes from the activity of striated muscle (see 
Burton & Edholm, 1955, pp. 148-157, for a discussion on this subject). 
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Shivering is a well known muscular activity that is evoked by cold environ- 
ments. However, large increases in metabolism have been observed in the 
absence of visible shivering (Lusk, 1928; and my own observations). Where 
does the extra heat come from in this case? Though it may be generated by 
‘thermal muscular tone’ (Burton & Bronk, 1937), there is recent evidence that 
even when the striated muscles have been completely paralysed with curare 
animals are still able to show a marked metabolic response to cold (Cottle & 
Carlson, 1956). Thus the question is still not settled. Nevertheless, it should 
always be borne in mind that the mere absence of visible shivering does not 
necessarily mean that the animal is at its neutral temperature, neither does it 
imply that the metabolic rate is basal. 

It does not seem likely that the extra metabolism evoked by cold is specifi- 
cally and uniquely depressed by hypoxia; it is much more probable that at low 
oxygen tensions metabolism in general is limited by the animal’s ability to 
absorb oxygen from the atmosphere and transport it to the tissues that need it. 
If this is true, one would expect the extra metabolism of exercise to be limited 
in a similar manner at: low oxygen tensions. On this point I could find no direct 
experimental evidence that was strictly applicable to acute hypoxia. There is, 
however, evidence concerning acclimatized man at high altitudes. Henderson 
~ (1939) emphasized that ‘at every altitude, the amount (of oxygen that a man 
can consume) is limited by the barometer’. He thought that a man’s maximum ~ 
oxygen consumption would be reduced to about the basal level at the summit 
of Everest—at an atmospheric oxygen tension of approximately 50 mm Hg 
(29,000 ft. = 5-5% oxygen at 1 atm). Pugh’s (1958) Fig. 8 shows a striking 
decline in maximum oxygen consumption with increasing altitude. Extra- 
polation suggests that maximum oxygen consumption is reduced to the basal 
level at an atmospheric oxygen tension of around 45 mm Hg tension (31,000 ft. 
(9450 m) = 5% O, at 1 atm). Pugh’s results were obtained in athletic, fit and 
very well acclimatized men: probably wnacclimatized men are reduced to their 
basal metabolic level at a somewhat higher atmospheric oxygen tension, say 
60 mm Hg (25,000 ft. (7720 m) = 7-0% oxygen at 1 atm), instead of 45mm Hg. 
At this altitude an unacclimatized man becomes unconscious within 5-7 min, 
and sooner than this if he is performing a task (Stewart, 1954). 


Activity during hypoxia and its source of energy 

In my experiments the animals showed, in 10°, oxygen, a certain amount 
of muscular activity that was not accompanied by a significant increase in 
oxygen consumption. There are two possible explanations for this. First, it 
may be that the movements observed, though they appeared to be vigorous. 
actually represented only a very small performance of mechanical work, and 
thus demanded only a slight increase in oxygen consumption. Certainly in 
man one of the most striking subjective effects of acute hypoxia is the marked 
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muscular weakness and impaired capacity for doing physical work that it 
produces (Haldane, Kellas & Kennaway, 1919). Since the animal’s movements 
were not being made against a resistance, this weakness would hardly show 
itself. The second possibility is that an appreciable amount of energy was 
being expended, but that it was obtained anaerobically by glycolysis, with the 
production of lactic acid. In my experiments there was no evidence that an 
‘oxygen debt’ was paid back after a period of hypoxia, showing that lactate 
was not immediately built back into glycogen. This fact does not rule out the 
second possibility, since lactate'might be retained, and slowly used up in the 


ordinary processes of metabolism (perhaps by the heart, which is well known 
to be able to oxidize lactate directly). 


The practical significance of the findings 

By the experiments and arguments put forward in this paper I have tried 
to show that the level of metabolism determines the effect of hypoxia on oxygen 
consumption in large and small mammals, adults and new-born alike. . Can 
this knowledge be put to use? | 

In practice our chief concern is with human infants, and these studies were 
intended to throw some light (indirectly) on the plight of the hypoxic baby. 
The evidence of Cross et al. (1958) suggests that babies react to hypoxia in 
much the same way as do kittens and other mammals—at least if it can be 
_ presumed that in their experiments the babies were below their neutral 
temperature. Preliminary experiments of my own (unpublished observations) 
indicate that premature infants react to a slightly lowered environmental 
temperature by increasing their oxygen consumption in the same way as other 
mammals. However, it has recently become the practice to maintain incuba- 
tors at a lower temperature than was previously thought desirable (29° C 
instead of 35° C; Franklin, 1959), in the hope that the lowered body tempera- 
ture that results will in turn mean a diminished demand for oxygen. The first 
requirement for managing the situation is an awareness of the factors that are 
operating. Assuming that the treatment of the hypoxic baby should be aimed 
at reducing its metabolic requirements to a minimum, there appear to be two 
quite distinct ways of doing this: either (1) by keeping the infant at its neutral 
environmental temperature, or (2) by keeping the infant in a cold environ- 
ment, thus reducing its body temperature, so that the ‘Q,, effect’ can operate. 
It looks as though it is essential to decide at the outset which of these courses 
to follow in any particular case, since an in-between course would appear to 
give the worst of both worlds. Method (2) seems attractive; but at present 
there is no experimental evidence as to its effectiveness in reducing the baby’s 
metabolic requirements, and there is always the possibility of cold injury. In 
this connexion, it has long been known that, under comparably cold condi- 
tions, frost-bite occurs more frequently at high altitudes: this could indicate 
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that the general reduction in metabolism due to hypoxia combines with local 


(circulatory) hypoxia to accelerate the fall in tissue temperature, thus increasing 
the chance of cold injury. Here is an additional reason for circumspection in 
using method (2) for the frankly hypoxic baby. 

Giaja & Andjus (1949) and Andjus & Smith (1955) have used hypoxia in 
combination with a low environmental temperature as a method of inducing 
hypothermia in small mammals; the experiments described here show the 
rational basis for this procedure, and indicate how it should be controlled. 
The deprivation of oxygen should never be such as to reduce oxygen con- 
sumption below the ‘basal’ level corresponding to the body temperature at 
each moment, otherwise anoxic injury can be expected. In clinical practice 


hypoxia is not used to facilitate the production of hypothermia; instead, drugs — 


(such as chlorpromazine) are used. It is not as yet known whether these drugs 
act on metabolism in a manner similar to hypoxia. 

In conclusion, there now seems little justification for the perpetuation of 
Van Liere’s sweeping and widely quoted statement “it is now generally believed 
that gaseous metabolism is independent of variations in barometric pressures’ 
(Van Liere, 1942, p. 196). This statement has been interpreted very literally 
(which may not have been his intention, since he himself pointed out some 
exceptions), and has for that reason given rise to some misconceptions. It 
should certainly not be applied without qualification, paying due attention 
both to the degree of ‘variation in barometric pressure’ and to the initial level 
of metabolism; the latter, in turn, will depend on the environmental tempera- 
ture and the animal’s thermal insulation, as well as on its muscular activity. 


SUMMARY 


1. It has been reported that new-born animals reduce their oxygen con- 
sumption in response to hypoxia, whereas adults do not. In order to discover 
whether it is size or maturity that determines the response, this phenomenon 
has been investigated i in kittens (aged 1-40 days) and in adult guinea-pigs of 
roughly the same size. 

2. A closed-circuit apparatus is described which measures the rate of oxygen 
consumption of an unanaesthetized single small mammal accurately with good 
time resolution (At = 3-1 min), while the environmental temperature and 
oxygen content of the inspired gas are both held constant at any desired level. 
Alteration of the two latter parameters is accomplished easily and rapidly. 

3. A fall in oxygen consumption in response to moderate hypoxia (15-10% 
oxygen) was shown by both kittens and adult guinea-pigs; therefore this type 


of response is not characteristic of new-born animals. However, whether or 


not it appears does depend on the environmental temperature. 
4. Ata neutral environmental temperature (i.e. when the metabolic rate is 
basal) oxygen consumption is unaffected by reducing the oxygen content of 


at 
4 
iz 
> 


METABOLISM, HYPOXIA AND TEMPERATURE 371 


the inspired air down to 10%. In contrast, when the environmental tempera - 
ture has been lowered (so that, when breathing 21° oxygen, the animal has 
increased its metabolic rate in order to maintain its body temperature) the 
oxygen consumption does fall when hypoxia is induced; and the greater the 
extra oxygen consumption the more readily is it reduced Both kittens and 
adult guinea-pigs respond in # qualitatively similar manner. 

5. During hypoxia, at a neutral temperature the animal’s rectal tempera- 
ture does not fall, but at a lower environmental temperature the rectal tem- 
perature does fall (this isa consequence of the reduction in oxygen consumption). 
The ‘heat debt’ that accumulates during hypoxia is paid back promptly when 
the oxygen content of the inspired air is restored to 21%. 

6. Whatever the environmental temperature, if an ‘oxygen debt’ is incurred 
during hypoxia (down to 10% oxygen), there is no evidence that it is paid back 
on restoring the oxygen to 21%. 

7. The findings outlined in (3) and (4) above are discussed in relation to 
previous reports on the effect of hypoxia in adult and new-born animals, The 
conflicting results previously reported for small mammals, and the apparent 

difference between them and larger mammals, can both be explained by the 
hypothesis that hypoxia leads to lowered oxygen consumption only if the 
metabolic rate was originally above the basal level. 

8. Various physical and physiological factors which influence metabolic 
rate are discussed, and also factors concerned in the ability of the new-born to 
survive anoxia. 

9. The practical significance of these findings is considered, gies 
with reference to the hypoxic new-born baby. 
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It is well known that red muscles may be distinguished from pale muscles by 
the slowness of their contraction (Fulton, 1926; Denny-Brown, 1929). In 
addition, Denny-Brown (1929a) found that red muscle has a lower threshold 
for postural reflexes, including the stretch reflex, than fast pale muscle. 
A histological study of fibre diameter has also revealed that the average dia- 
meter of motor fibres to the slow red extensors is smaller than for those to the 
pale extensors, although there is a considerable overlap (Eccles & Sherrington, 
1930). While these findings might suggest some specific differences in properties 
between motoneurones supplying red and pale muscles, no systematic approach 
has been made toward this problem until recently. 

By studying stretch reflexes in the state of post-tetanic potentiation it has 
recently been suggested that spinal motoneurones innervating extrafusal 
muscle fibres may be classified into two subgroups (Granit, Henatsch & Steg, 
1956; Granit, Phillips, Skoglund & Steg, 1957). The tonic type is characterized 
by a long-lasting reflex discharge to sustained muscle stretch and may also 
be distinguished from the other, phasic, type of motoneurones by its slower 
frequency of discharge. Intracellular recording from spinal motoneurones has 
shown that the motoneurones of slow red muscles have after-hyperpolarization 
of greater duration than those of fast pale muscles (Eccles, Eccles & Lundberg, 
1957a). In the latter study it was postulated that the discharge frequency of 
motoneurones under continuous synaptic excitation is controlled by the 
duration of after-hyperpolarization. It appears that tonic motoneurones in 
general tend to activate red muscles. As would be expected from the diameter 
spectrum of motor fibres to the ankle extensors (Eccles & Sherrington, 1930), 
soleus motoneurones have generally shown a slower axonal conduction velocity 
than gastrocnemius motoneurones (Eccles et al. 1957a). The observation that 
the phasic axonal spike is large and the tonic small when recorded in the same 
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ventral root filament (Granit e¢ al. 1956) may be explained on this basis. 
However, when the duration of after-hyperpolarization is plotted against 
axonal conduction velocity, the points for various motoneurones are distri- 
buted contiguously along a straight line (Eccles et al. 1957 a). This relationship 
indicates a continuous gradation between the two types of motoneurones, and 
fails to show a separation of large motoneurones into two distinct categories. 
This does not preclude the possibility that motoneurones may, in response to 
afferent stimulation, show a more distinct separation into tonic and phasic 
types 3 | 

_ Another feature of tonic motoneurones is that they are more strongly 
influenced by inhibitory action through axon collaterals than are phasic 
motoneurones (Granit, Pascoe & Steg, 1957; Henatsch & Schulte, 1958) 
Tonic and phasic characteristics may therefore be distinguished, after anti 
dromic activation of spinal motoneurones, by the duration of after-hyper- 
polarization and by the strength of antidromic inhibition. The present study 
evaluates in detail these factors that may be important determinants of tonic 
or phasic behaviour of motoneurones. 


METHODS 


Adult cats were made ‘spinal’ by a section through the cord at the atlanto-occipital membrane 
under preliminary ether anaesthesia, the brain being anaemically destroyed (Hunt & Kuno, 1959). 
Respiration was artificially maintained. After laminectomy dorsal roots L5—S2 were cut, leaving 
the ventral roots intact. All the nervous tissue exposed was covered with paraffin oil equilibrated. 
with O, 95 +CO, 5%. The monosynaptic reflexes evoked by stimulation of the dorsal root were 
simultaneously recorded from the nerves to lateral gastrocnemius (fast pale muscle) and soleus 
(slow red muscle) which were distally severed. The reflexes were conditioned by antidromic volleys 
in each of the three motor nerves to triceps surae. As a measure of excitability change, amplitude 
of the monosynaptic reflex discharge was used. The response was determined by a mean of 
15-25 records successively obtained at intervals of 2 or 2-5 sec for a given set of conditions. At 
the end of the experiments, the centrally cut ventral roots innervating the triceps surae were 
stimulated, and the volley due to synchronous stimulation of all the motoneurones was recorded 
from the several muscle nerves under the same conditions as when recording the monosynaptic 
reflexes. The amplitude of reflex response could then be expressed relative to amplitude of response 
given by discharge of the total motoneurone pool, as has been done in analysis of reflex fluctua- 
tion (Hunt, 1955). In some experiments the area of the monosynaptic reflex was used as a measure 
_ of response by means of an electronic integrator with digital output (Hisey & Perl, 1958). 

For internal recording from spinal motoneurones almost the same apparatus and technique 
were used as were described in a previous paper (Hunt & Kuno, 1959). The cats were firmly 
suspended by a spinous clamp and a pair of pelvic pins. Two pairs of horizontal clamps were also 
applied to the vertebral column to minimize disturbance by respiratory movements. A transistor 
d.c. amplifier with a cathode follower input was used for recording internal responses. The stray 
input capacity was reduced by capacitative feed-back. Micro-electrodes were filled with 1-5m-Na 
citrate solution (ef. Boistel & Fatt, 1958) except a few experiments in which 3m-KCl was used. 
The junctional potential in the electrode tips may have been considerable. The resting potential 
obtained by these electrodes, however, was reasonably high. No correction has been made for 
the junctional potential. Muscle movements were abolished by injection of tubocurarine. 
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RESULTS 


Response of motoneurone populations 

Inhibition by axon collaterals. As originally described by Renshaw (1941), 
response of spinal ‘motoneurones to reflex stimulation may be partially in- 
hibited by activation of neighbouring motoneurones. The distribution of this 
nhibitory action among motoneurones depends upon their position in the 
spinal cord rather than on their functional organization (Renshaw, 1941; 
Eccles, Fatt & Koketsu, 1954; see, however, Brooks & Wilson, 1958). Hince 
the three components of triceps surae, medial gastrocnemius (MG), lateral 
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Fig. 1. Inhibition of monosynaptic reflexes simultaneously recorded from nerves to soleus (filled 
circles) and lateral gastrocnemius (open circles) by an antidromic volley in motor nerve to 
‘medial gastrocnemius. Ordinate, inhibition expressed as percentage of each total moto- 
neurone pool size. Abscissa, the interval between the test shock to dorsal root §1 and the 
conditioning shock. Each point is a mean of 15 responses, . 


gastrocnemius (LG) and soleus (8), comprise a synergic group, one might 
expect the antidromic inhibition from one component (for example MG) to be 
equally distributed to the other two (LG and 8). By delivering test shocks to 
the dorsal roots, the effects of antidromic MG volleys were observed on the 
monosynaptic reflexes recorded simultaneously from LG and § nerves. 
Stimulation of the dorsal root inflow was invariably much more effective on S 
motoneurones than on LG or MG (Fig. 3). In observations on facilitation or 
inhibition of monosynaptic reflexes it is common experience that the smaller 
the size of the reflex, the larger is the percentile change. Changes in mono- 
synaptic reflexes resulting from inhibition were therefore compared in relation 
to total pool size of gastrocnemius and soleus motoneurones by the method 
indicated above. A typical example is shown in Mg. 1. On the abscissa the 
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intervals between the conditioning shock to MG motor nerve and the dorsal 
root test shock are plotted. The strength of inhibitory action was much greater 
on § motoneurones (filled circles) than on LG motoneurones (open circles). 

The maximal inhibition produced by MG antidromic impulses was 20-8 + 

9-4 (s.D.) % of the $8 motoneurone pool and 5-5 + 1-2°% of the LG motoneurone 
pool, in six cases in which simultaneous recordings were made. Similarly, the 
antidromic inhibition from LG to § motoneurones was also stronger (average 
185°) than from 8 to LG motoneurones (average 5-0°). The antidromic 
inhibition of MG motoneurones by LG or 8 motoneurones was also in a range of 
4-7°%, of the total MG motoneurones pool size. There was, however, little 
difference in the time course of antidromic inhibition in 8, LG or MG moto- 
neurones, the total duration being approximately 40 msec (Fig. 1). 
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Fig. 2. Relation between size of test reflex and degree of inhibition. The intervals between the 
test and the conditioning shocks were adjusted to obtain maximal effects, being 5-6 msec. 
Reflexes were evoked by stimulation of dorsal roots L7 and S1 and recorded from each 
branch of motor nerves to triceps surae. Ordinate, inhibition as percentage of each total 
motoneurone pool size. Abscissa, size of test reflex as percentage of size of each total pool. 
Soleus (filled circles and filled squares in different preparations) and lateral gastrocnemius 
(open circles and open squares in different preparations) motoneurones were conditioned by 
medial gastrocnemius antidromic volleys. Medial gastrocnemius one motoneurones were 


conditioned by soleus antidromic volleys. 


Because of difference in the degree of synaptic excitation in § and LG mono- 
synaptic reflexes, the reflex size used for measurement of antidromic inhibition 
of 8 motoneurones was necessarily different from that of LG motoneurones. 
In order to compare the differences in reflex responses of the same size, the 
relation between test reflex size and strength of antidromic inhibition from MG 
_ to S and LG motoneurones was studied. In Fig. 2 inhibition of S and LG 
motoneurones is plotted as a function of reflex size, both being expressed as 
- percentage of total pool size. Inhibition increased in parallel with an increase 
in test reflex size and finally formed a plateau when the reflex size attained 
about 7% of the LG pool and 35% of the S pool. The maximal inhibition 


produced by MG antidromic volleys, at conditioning-test intervals of 5-6 msec, 
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was about 5° of the total pool size for LG motoneurones (open circles and 
squares) and about 25% for S motoneurones (filled circles and squares), The 
antidromic inhibition ah S to MG motoneurones (crosses) showed almost the 
same behaviour as that to LG motoneurones, The final decrease of inhibitory 
_ action in the § reflex, as the latter approached its maximum, is probably due 
to the strong synaptic drive which may overcome the inhibition by MG anti- 
dromic volleys. 

The constancy of the antidromic inhibitory effect within a certain limit of 
synaptic drive (plateaus in Fig. 2) bears similarity to Lloyd & McIntyre’s 
(1955) analysis of individual motoneurones comprising a synthetic pool, in 
which they found the number of motoneurones in the intermediate zone was 
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Fig. 3. Frequency distribution of aniplitudes of 500 successive responses of monosynaptic reflexes 
simultaneously recorded from soleus and lateral gastrocnemius nerves following a maximal 
_ stimulus to dorsal roots L7 and 81. Ordinate, frequency of occurrence. Abscissa, measured 
amplitude of responses as percentage of size of each total motoneurone ci — 

of paraffin oil covering spinal cord 38-0° C. 


nearly the same at different levels of synaptic drive. A similar or an even 
greater constancy of intermediate zone was also shown by Hunt (1955) in his 
analysis of excitability fluctuation of monosynaptic reflex response. If the 
number of motoneurones in the intermediate zone is increased the mono- | 
synaptic response would appear subject to more variation; such a reflex 
system would be more strongly inhibited than one having a smaller inter- 
mediate zone. It si therefore assumed that the number of motoneurones 
subject to inhibition of response is proportional to the number of motoneurones 
in the intermediate zone. Monosynaptic reflex responses to dorsal root volleys 
repeated every 2 sec were simultaneously recorded from motor nerves to S 
and LG muscles. A typical frequency distribution, derived from 500 responses, 
is illustrated in Fig. 3, reflex amplitudes being expressed relative to total pool 
size. As described above, the monosynaptic reflex response of 8 motoneurones 
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to dorsal root stimulation was much greater than that of LG motoneurones. 
As a consequence, the mean amplitude amounted to about 59% of the total 
pool size in the § reflex and about 11% in the LG reflex. As a measure of 
variation in reflex amplitude the standard deviation was used. In three cases 
the standard deviations were 1-21, 1-30 and 1-24 for LG reflexes’ and 2-20, 2°57 
and 2°10 for S reflexes; the difference between standard deviations of LG and 8 
reflex response amplitudes was significant. It may be concluded that the 
number of 8 motoneurones in the intermediate zone is larger than that of LG | 
motoneurones. This difference in the intermediate zone is, however, too small 
to account completely for the difference in the antidromic inhibitory effects of 
the two pools. | 

Recovery subnormality following antidromic activation. There has been 
general agreement that spinal motoneurones remain subnormally excitable 
100 msec or more following antidromic activation (Brooks, Downman & 
Kecles, 1950; Lloyd, 1951). Correspondingly a long-lasting hyperpolarization 
following a motoneurone spike was observed with intracellular electrodes 
(Brock, Coombs & Eccles, 1952). Recent investigations have shown that soleus 
motoneurones have, in general, a much more prolonged after-hyperpolariza- 
tion than gastrocnemius motoneurones (Eccles e al. 1957a; see also below). 
It may therefore be reasonable to expect that the duration of depression in 
excitability following antidromic activation is longer in S motoneurones than 
in LG motoneurones, This has been found to be the case, as is shown in Fig. 4 
(a in A and a’ in B). The depression was here again expressed relative to the 
total pool size of S and LG motoneurones. The test shock was given to the 
dorsal root and the conditioning shock to S or LG motor nerves antidromic- 
ally. Abscissae give the intervals between the test and the conditioning shocks. 
The duration of depression was apparently longer in 8 motoneurones than in 
LG. The average values derived from five experiments were 165 msec (120- 
205 msec) and 110 msec (95-130 msec) for 8 and LG motoneurones respec- 
tively. There was also a significant difference in the magnitude of depression 


between these two motoneurone pools. The mean values were 55 for 8 moto- 


neurones and 20 for LG motoneurones when expressed as percentage of each 
total pool size. It should, however, be noted that the depression following 
antidromic activation as here measured includes the antidromic inhibition 
from homonymous motoneurones, i.e. axon collateral inhibition from 8 to § 
or from LG to LG motoneurones. In order to eliminate this antidromic 
_ inhibitory effect and also to estimate the strength of homonymous inhibitory 
action, the antidromic recovery cycles were obtained before and after injection — 
of dihydro-beta-erythroidine (DHE; Merck) 0-5 mg/kg. As is shown in 
Fig. 4Ab and 4Bb’, the drug effect was restricted to a diminution in the 
initial part of the depression, little change being seen in the total duration. 
_ A subtraction of (b) (filled circles, after injection of DHE) from (a) (open 
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circles, control) gives the axon collateral inhibitory action from soleus (broken 
lines a—b). The duration of the inhibition is about 45 msec, which is approxi- 
mately the same as in the heteronymous antidromic inhibition from MG to 8 
motoneurones. This homonymous antidromic inhibitory action produced an 
inhibition of S motoneurones amounting to about 16% of the total pool size. 
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Fig. 4. Effects of dihydro-8-erythroidine on antidromic recovery cycles of soleus (A) and lateral 
gastrocnemius (B) motoneurones. Monosynaptic reflexes were evoked by stimulation of 
dorsal roots L7 and §1 and recorded from motor nerves to soleus and lateral gastrocnemius. 

- Conditioning shocks were given to the same motor nerves central to recording positions. 
Ordinates, depression following antidromic activation as percentage of size of each total 
motoneurone pool. Abscissae, intervals between the test and the conditioning shocks. Open 
circles (a in A and a’ in B) were obtained before intravenous injection of dihydro-f-erythro- 
idine 0-5 mg/kg; filled circles (b in A and b’ in B) after the injection; broken lines (a—b in A 
and a’—b’ in B) were obtained by subtraction b or b’ from a or a’ respectively. 


Although DHE blocks the antidromic inhibitory action, the effect is not 
complete, and the initial phase of antidromic inhibition may often remain 
unchanged by administration of DHE (Eccles et al. 1954; Brooks & Wilson, 
1958). These factors made it difficult to estimate the homonymous inhibitory 
strength. Nevertheless, one observation on LG motoneurones showed that the 
homonymous inhibition was obviously stronger than the heteronymous 
inhibition (a’—b‘ in Fig. 4B; compare with that in Fig. 1). The difference in the 
magnitude of depression following antidromic activation between 8 and LG 
motoneurones is probably attributable to a difference in the strength of thei: 
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homonymous antidromic inhibitory actions. Depression of motoneurones 
during true post-spike subnormality is, therefore, probably of the same order 
for both $ and LG motoneurones, being 10-15% of each pool size. 


Responses of individual motoneurones ; 
General features of spike potentials. Intracellular recordings were made 


- from 17 soleus, 23 lateral gastrocnemius and 42 medial gastrocnemius spinal 


motoneurones. Representative units are shown in Fig. 5. Figure 5.4 illus- 
trates examples of their spike potentials activated by antidromic stimulation; 


A B Cc 
te 


Fig. 5. Intracellular recordings from soleus (8), lateral gastrocnemius (LG) and medial gastro- 
cnemius (MG) motoneurones. A. Resting potentials and spike potential activated anti- 
dromically; spikes were slightly retouched by dots. B. After-hyperpolarization following 
antidromically evoked spikes with higher amplification. (. Same as in B but recorded at a 
slower sweep speed. D. Inhibitory hyperpolarization in soleus and lateral gastrocnemius 
motoneurones produced by antidromic impulses in medial gastrocnemius nerves; no inhibi- 
tory potential was detected in this medial gastrocnemius motoneurone by antidromic lateral 
gastrocnemius volleys. Time, 1 msec for A and 10 msec for B, C and D; voltage scale on 
left side 50 mV for A and that on right side 10 mV for B, C and D. 


their after-hyperpolarization is shown with greater amplification in C. As 
was shown by Eccles, Eccles & Lundberg (1957a, 1958), soleus motoneurones 
showed, in general, a slower conduction velocity, a slower decline of spike 
potential and a longer after-hyperpolarization than MG or LG motoneurones. 
In addition, it was found that the action potentials were significantly different 
in soleus and gastrocnemius motoneurones. The resting potentials were | 
66+3-9 mV (s.D.) and 65+ 3-4 mV, and the overshoot potentials 17+ 2-5 mV 
and 22+3-6mV for gastrocnemius and soleus motoneurones respectively. 
The overshoot potential was significantly larger in 8 motoneurones, while 
there was no difference in the resting potential. 

The conduction velocity of every motoneurone recorded was calculated from 


_ the conduction time and distance. A significant correlation was found between 


the overshoot potential of a motoneurone and the conduction velocity along © 
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its axon. Figure 6A illustrates the relation. Only those motoneurones with 
overshoot potential in excess of 10 mV are included in this figure. It is also 
evident from this graph that soleus motor fibres (filled circles) have generally 
a slower conduction velocity than gastrocnemius motor fibres (open circles 
for MG and crosses for LG). The resting potentials of motoneurones were 
similarly plotted against their axonal conduction velocities in B. Although 
some correlation appears, its significance 1 is doubtful, the level of significance, 
P, being 0-10. 
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Fig. 6. A. Relation between axonal conduction velocity and overshoot potentials of motoneurone 
spikes evoked antidromically. B. Relation between axonal conduction velocity and resting 
potential of motoneurones. Ordinates, overshoot potentials positive and resting potentials 
negative. Filled circles for soleus, open circles for medial gastrocnemius and crosses for 


_ lateral gastrocnemius motoneurones. Only those motoneurones with overshoot potentials in 
excess 10 mV are included. 


The termination of the declining phase of the spike potential was sometimes 
difficult to determine, especially in S motoneurones, because it merged gradu- 
ally into the negative after-potential. However, in nine soleus motoneurones 
in which the end of the spike was sufficiently conspicuous to allow measure- — 
ment, the average duration of the falling phase of the spike potential was 
0-9 msec as compared with an average of 0-67 msec for G motoneurones. In 7 
the maximum rate of decline of the falling phase, however, there was no 
_ conspicuous difference between S and G motoneurones (175 and 190 V/sec 
respectively). Also, there was no significant difference in the maximum rate 
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of rise of spike potentials between S and G motoneurones (365 and 340 V/sec 
respectively). | 

Antidromic inhibitory hyperpolarization. In the response of a motoneurone 
population, it was found that the inhibitory action produced by antidromic 
MG volleys was stronger on S motoneurones than on LG motoneurones (see 
above). The following experiments show the behaviour of individual gastro- 
cnemius and soleus motoneurones to antidromic impulse conduction in neigh- 
bouring motoneurones, using the inhibitory hyperpolarization as an index of 
the degree of inhibition produced. Since inhibitory hyperpolarization is 
modified by Cl~ ions in a micro-electrode (Coombs, Eccles & Fatt, 19550), all 
recording utilized electrodes filled with 1-5m-Na citrate solution. 
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Fig. 7. A. Inhibitory hyperpolarization in a lateral gastrocnemius motoneurone produced by 
antidromic medial gastrocnemius volley; horizontal line gives the original resting potential 
level. Left record, inhibitory potential at the original resting potential level (69-5 mV); 
right record, same as the above but under depolarization by extrinsic current. B. Another 
lateral gastrocnemius motoneurone. Left. record, after-hyperpolarization following anti- 
dromic spike potential with membrane potential depolarized to nearly the critical firing 
level by extrinsic current; right record, same as the above but with another spike potential 
which was directly fired by the depolarizing current; small bars show the firing level for the 
directly evoked spike; for further explanation see in text. C. Same as in B, but different — 
motoneurone (medial gastrocnemius). Voltage scale, 10 mV; time, 10 msec. 


In accordance with observations on population responses of motoneurones, 
there was little difference in the time course of inhibitory hyperpolarization 
between soleus and gastrocnemius motoneurones (Fig. 5 D, 8 & LG). However, 
in some gastrocnemius motoneurones the inhibitory hyperpolarization by 


activation of neighbouring motoneurones was hardly detected (Fig. 5D, 


MG). In order to examine the inhibitory potential in greater detail, two 
methods were used. The first is shown in Fig. 7A. The left trace shows the 
control response of an LG motoneurone to an MG volley. When this MG anti- 
dromic volley was delivered during depolarization produced by an applied 
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current pulse, the inhibitory potential in the LG motoneurone became more 
prominent and could easily be detected (right trace). Figure 7B shows the 
second method. Another LG motoneurone was depolarized nearly to the firing 
level; an antidromic impulse was then evoked by supramaximal stimulation 
of the LG nerve (left trace). The resultant hyperpolarization includes the post- 
spike after-hyperpolarization of the motoneurone as well as the inhibitory 
hyperpolarization produced by homonymous LG motoneurones. In the right 
trace the hyperpolarization seen immediately after the onset of depolarization 
followed a spike potential evoked directly by the depolarizing current, while 
the hyperpolarization which appeared about 25 msec later was produced by 
the LG antidromic volley. When the peak voltage of after-hyperpolarization 
of the directly evoked spike was measured from the firing level (shown by a 
small bar), it was markedly smaller than that in the left trace. This difference 
indicates the extent of inhibitory hyperpolarization on this motoneurone by 
homonymous motoneurones. In Fig. 7(, a similar procedure was applied to 
another motoneurone (MG). In contrast to B, no appreciable difference can 
be seen between the hyperpolarization following the directly fired spike (the 
first spike in right trace) and that after the antidromic volley (left trace). 
Hence it may be concluded that this motoneurone received little antidromic 
inhibition from homonymous motoneurones. 

By means of the above methods twenty-one gastrocnemius and seven soleus 
motoneurones were tested. In six of the gastrocnemius motoneurones no 
inhibitory hyperpolarization was detected. On the other hand all the soleus 
motoneurones examined showed inhibitory hyperpolarization. Such a detailed 
examination was actually unnecessary, for all the soleus motoneurones were 
considerably hyperpolarized by antidromic MG or LG volleys even at the 
normal resting potential (Fig. 5D, 8). 

‘The amplitude of inhibitory hyperpolarization may be aestige’ by varying 
the membrane potential (Coombs et al. 19555). Since the resting potentials of 
motoneurones may differ, the voltages of their inhibitory hyperpolarization 
cannot simply be compared. However, on changing membrane potential by 

passage of current, the relation between the membrane potential and the peak 
amplitude of antidromic inhibitory potential may be studied and compared 
in different species of motoneurones. Figure 8A shows changes in the size of 
antidromic inhibitory potential produced by heteronymous volleys when the 
membrane potential is varied by passing current through the cell with a bridge 
circuit (Araki & Otani, 1955; Hunt & Kuno, 1959). When plotted against 
membrane potential, the peak voltage of inhibitory potential can be seen to 
fall roughly along a straight line within the limits of membrane potential 
(Fig. 8B). Three lines for MG, LG and S motoneurones cross through zero at a 
membrane potential of about —75 mV. There was little difference in this 
equilibrium potential between gastrocnemius and soleus motoneurones. The 
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slope of the relation shown in Fig. 8B will depend upon the magnitude of the 


conductance change responsible for the inhibitory hyperpolarization. The 
greater the conductance change the more nearly would the relation approach 
a maximal slope of 45 degrees. Although the slope of the line was usually 


steeper in S motoneurones than in gastrocnemius motoneurones, it varied 
considerably from cell to cell. For instance, as is shown in Fig. 8B, the line of 


one LG motoneurone was steeper than that of one 8 motoneurone. 
It was usually more difficult to record from § motoneurones for a long period 
than from gastrocnemius motoneurones. Some S motoneurones deteriorated 


before completion of a series of observations. The number of observations on 


the relation between the membrane potential and the antidromic inhibitory 
potential in 8 motoneurones was consequently limited. However, it was 
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Fig. 8. A. Inhibitory hyperpolarization in a soleus motoneurone produced by antidromic medial 
gastrocnemius volleys; records were of 2-4 superimposed traces. Horizontal lines indicate 
the original resting potential level, -60 mV, which fluctuated from -59 to —-63 mV. The 
initial displacement of potential shows depolarization (upward) and hyperpolarization (down- 
ward) controlled by passing current through the cell. Voltage scale, 10 mV; time, 10 msec. _ 
B. Plot. of the peak amplitude of inhibitory hyperpolarization against membrane potential. 
Ordinate, inhibitory potential, hyperpolarization positive and depolarization negative. 
Inhibitory potentials in soleus (filled circles) and lateral gastrocnemius (crosses) were gener- 
ated by antidromic medial gastrocnemius volleys and that in medial gastrocnemius moto- 
neurone (open circles) by antidromic lateral gastrocnemius volleys. 


possible to estimate roughly the slope of the relation by assuming a value for 
_the equilibrium potential and considering the relation linear. For example, a 
S motoneurone shown in Fig. 5 had an antidromic inhibitory hyperpolarization 
of 2-7 mV at a resting potential of 59mV. Assuming that the equilibrium 
potential for the inhibitory potential is —75 mV for all motoneurones, the 
slope will be given by 2-7/(75-59). | 
The values obtained in this manner were plotted against the axonal con- 
duction velocities in Fig. 9A. The inhibitory potentials for § (filled circles) 
and LG (crosses) motoneurones were produced by antidromic stimulation of 
‘MG motor nerves, while that of MG motoneurones (open circles) was produced 
by LG antidromic volleys. This procedure, of course, gives only approximate 
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values. Nevertheless, a correlation can be seen between the slope obtained in 
this manner and the axonal conduction velocity. Similar tests were also 
applied to the after-hyperpolarization. For example, a 8 motoneurone pre- 
sented in Fig. 5 showed an after-hyperpolarization of 6-7 mV at a resting 
potential of 59 mV. Since this value of after-hyperpolarization included an 
inhibitory hyperpolarization of 2:7 mV (see above), the true after-hyper- 
polarization was 4-0 mV. Assuming the equilibrium potential for the hyper- 
polarization to be —80 mV for all motoneurones (see below), the relation 
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Fig. 9. A. Relation between axonal conduction velocity and the slope of the line relating peak 
amplitude of inhibitory potential to membrane potential. Inhibitory potentials in soleus 
(filled circles) and lateral gastrocnemius (crosses) motoneurones were generated by anti- 
dromic medial gastrocnemius volleys and those in medial gastrocnemius motoneurones 
(open circles) by antidromic lateral gastrocnemius volleys. Ordinate, calculated fractional 
displacement of potential toward the equilibrium potential for inhibition; see text. B. Rela- 
tion between axonal conduction velocity and the slope of the line relating peak amplitude of 
after-hyperpolarization to membrane potential. Filled circles for soleus, open circles for 
medial gastrocnemius and crosses for lateral gastrocnemius motoneurones. Ordinate gives 
calculated fractional displacement of potential toward the equilibrium potential for after- 
hyperpolarization; see text. 


between the size of after-hyperpolarization and the membrane potential can 
similarly be given by 4-0/(80—59). The values obtained were plotted against 
the axonal conduction velocity in Fig. 9B. There was no correlation between 
them, the mean of the slope being approximately 0-30. 
After-hyperpolarization following antidromic activation. After-hyperpolar- 
ization following antidromic stimulation of the homonymous muscle nerve 
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includes the post-spike after-hyperpolarization as well as the hyperpolarization 
produced by homonymous antidromic inhibition. Since the duration of anti- 
dromic inhibition is brief as compared with post-spike hyperpolarization and 
has a similar time course in soleus and gastrocnemius motoneurones (see 
above), comparison of the duration of hyperpolarization following homonymous 
antidromic volleys may be used to indicate differences in after-hyperpolarization 
among motoneurones. Eccles, Eccles & Lundberg (1957a, 1958) separated the 
post-spike hyperpolarization from total hyperpolarization by a subtraction 
method. In the present experiments the two components contributing to 
hyperpolarization following homonymous antidromic volleys have not been 
separated. As noted, measurements of the duration of after-hyperpolarization 
would not be appreciably influenced thereby, although measurements of 
amplitude of the after-hyperpolarization could be altered by the presence of 
homonymous antidromic inhibition. | 

As is shown in Fig. 5C, the duration of after-hyperpolarization is apparently 
longer in 8 motoneurones than in gastrocnemius motoneurones. Average 
values were 138 msec (95-195 msec) for S motoneurones and 66 msec 
(40-120 msec) for gastrocnemius motoneurones. These values were consider- 
ably shorter than those obtained by Eccles et al. (1957a, 1958). It should, 
however, be pointed out that in the present study the duration was measured 
to the point where the potential passes from hyperpolarization to the initial 
level. In contrast, Eccles et al. (19574, 1958) measured it to the summit of the 
terminal after-depolarization which follows the after-hyperpolarization. 

Not only the total duration, but also the summit time of after-hyper- 
polarization is longer in 8 motoneurones (Fig. 5B). Eccles et al. (1957a) found 
that there was a linear relation between the duration of after-hyperpolariza- 
tion of a motoneurone and the conduction velocity of its axon. A similar 
correlation can be seen between the summit time of after-hyperpolarization of 
a motoneurone and the axonal conduction velocity. This is shown in Fig. 10. 
The summit time has been measured from the point where the spike potential 
passes into hyperpolarization (Fig. 10 A). Clearly, from Fig. 10B, the summit 
time of after-hyperpolarizations of motoneurones showed an inverse relation 
to the conduction velocities of their axons. Thus motoneurones which had slower 
conduction velocities showed a hyperpolarization in which the rise to maximum 
and subsequent decay were both slower, i.e. both phases of the after-hyper- 
polarization have a slower time course. . 

In a manner similar to that used in the analysis of inhibitory hyper- 
polarization, changes in the size of after-hyperpolarization of a LG moto- 
neurone were observed when the membrane was depolarized or hyperpolarized 
by passage of current (Fig. 11.4). The maximal amplitude of hyperpolarization is 
plotted against the membrane potential for MG (open circles), LG (crosses) and 
S (filled circles) motoneurones (Fig. 11B). Such observations by the use of 
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extrinsic current were limited to a certain range of membrane potential by 
two factors: block of initiation of motoneurone spike when hyperpolarized 
over a certain level (about —75 mV) and firing of the motoneurone by passage 
of current when depolarized beyond the critical level (about —55 mV). 
Within these limits of the membrane potential, the relation of the size of after- 
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Fig. 10. A. Records of after- hyperpolarization of antidromically evoked spike potentials of triceps 


surae motoneurones. The summit time of after-hyperpolarization was measured from point 
where spike passes into hyperpolarization (shown by the first arrow in top trace) to the peak 


_ shown by up-pointing arrows. The numbers attached on each base line indicate the axonal 


Fig. 


conduction velocity (m/sec). B. The summit time of after-hyperpolarization is plotted as 
ordinate against the axonal conduttion velocity as abscissa for soleus (8, filled circles), 
lateral gastrocnemius (LG, crosses) and medial gastrocnemius (MG, open circles). 


(mV) 
T 


i i. iL i 
80 70 60 
Membrane potential (mV) 
11. A. After-hyperpolarization of a lateral gastrocnemius motoneurone following antidromic 
activation, occurring at various levels of membrane potential; horizontal lines indicate the 
original resting potential level, -71 mV: The initial displacement of potentials from the 
horizontal lines shows depolarization (upward) and hyperpolarization (downward) controlled 
by passing current through cell membrane. Voltage scale, 10 mV; time, 10 msec. B. Plot of 
peak amplitude of after-hyperpolarization against membrane potential for soleus (filled 
circles), lateral gastrocnemius (crosses) and medial gastrocnemius (open circles) moto- 
neurones. Ordinate, hyperpolarization positive and depolarization negative. 
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hyperpolarization and the membrane potential was approximately linear 
(Fig. 11B). The equilibrium level at which there is no after-potential can be 
found by extrapolation. Observations on eighteen motoneurones indicated 
that the equilibrium potential was in the range of from —73 to —89 mV, 
with a mean of —79 mV. There was little difference in the equilibrium level 


~ among those three types of motoneurones. This value, about —80 mV, of the 


equilibrium potential is lower than the value of about —90 mV obtained by 
Coombs, Eccles & Fatt (1955a). One reason for this discrepancy may be the 
junctional potential of electrodes which were filled with sodium citrate 
solution in the present study. This also resulted in a slightly lower value of the 
resting potential (see above). A similar discrepancy in the equilibrium po- 
tentials for antidromic inhibition occurred between the present study and that 
of Coombs e¢ al. (19556) (see above). 

Figure 11 B shows the relation between amplitude of after-hyperpolarization 
and membrane potential in three motoneurones (from 8, LG, and MG). which 
had the same equilibrium potential. Just as in inhibitory hyperpolarization, 
the greater the conductance change during the after-hyperpolarization, the 
steeper the slope of the relation. As would be expected from Fig. 9B, there is 
no obvious difference in the slope between soleus and gastrocnemius moto- 
neurones. The only difference in hyperpolarization between these two groups of 
is that in time course. 


DISCUSSION 


In the present study two main factors which may be responsible for tonic or 
phasic behaviour were analysed by antidromic activation of spinal moto- 
neurones; one factor is the after-hyperpolarization and the other is the anti- 
dromic inhibitory action. These two factors will first be commented upon. 
After-hyperpolarization. It was confirmed that motoneurones supplying red 
muscles are characterized by a much more prolonged after-hyperpolarization 
than motoneurones to pale muscles (Eccles et al. 1957a). The after-hyper- 


polarization of these motoneurones was longer, both in the initial and decaying 


phases, than that of motoneurones supplying pale muscles. Consequently the 
subnormality following antidromic activation of motoneurones innervating ~ 
red muscles was more prolonged as indicated by monosynaptic test reflexes. 
When the size of the after-hyperpolarization was modified by changing the 
membrane potential, extrapolation (e.g. Fig. 11) showed that it should be 
converted into a depolarization at an equilibrium potential of —80 mV. This 
equilibrium potential was the same for both types of motoneurones. This 
suggests that the intracellular concentration of the ion concerned in the after- 
hyperpolarization process, probably K+ ions (Coombs et al. 1955a), may be 
regarded as the same in both types of motoneurones. The latter is also sup- 
die by the finding that the resting aezuese is — the same for both 
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types of motoneurones. The slope of the linear relation between the peak 
amplitude of after-hyperpolarization and the membrane potential showed little — 
difference between gastrocnemius and soleus motoneurones, which suggests 
that the permeability to K+ ions during after-hyperpolarization is approxi- 
mately of the same order for these two types of motoneurones. The only 
difference in after-hyperpolarization was, therefore, that in its time 
course. 

A difference in time course of the post-spike change of permeability to K+ 
ions may account for the more prolonged declining phase of the spike in soleus 
motoneurones as compared with gastrocnemius motoneurones. Repolariza- 
tion during the falling phase of the impulse is mainly brought about by an 
increase in K+ permeability (Hodgkin, 1951).. Therefore a slower rise of 
potassium permeability would result in a more prolonged falling phase of the 
spike. A slower increase in potassium permeability of soleus motoneurones 
would also account for the fact that the overshoot during the spike potential 
is larger than in gastrocnemius motoneurones. | 

Antidrome inhibition. When the strength of antidromic inhibition was 
tested by its effect on the size of the monosynaptic reflex, it was found that the 
inhibitory influence was much stronger on soleus motoneurones than on 
gastrocnemius motoneurones. A number of triceps surae motoneurones were 
also examined with intracellular electrodes, recording the inhibitory hyper- 
polarization in a partially depolarized state as an index of inhibition. In all 
soleus motoneurones an inhibitory potential was set up by excitation of 
neighbouring motoneurones. About 28% of gastrocnemius motoneurones 
showed no evidence for an inhibitory connexion from neighbouring triceps 
surae motoneurones. 

As with the equilibrium potential for after-hyperpolarization and with the 
resting potential, there was little difference between the equilibrium level for 
the antidromic inhibitory potential in soleus and gastrocnemius motoneurones. 
This may further support the view that the ionic distribution in soleus moto- 
neurones is the same as in gastrocnemius motoneurones. However, the slope 
of the linear relation of the inhibitory potential against the membrane potential 
was generally steeper in soleus motoneurones. Since the equilibrium potential 
for antidromic inhibition is the same for all motoneurones, this slope would be 
proportional to conductance change during inhibitory processes. The greater 
permeability change during inhibitory processes is plausibly due to the 
greater density of inhibitory endings on the cell. It is therefore concluded that 
soleus motoneurones probably receive much denser inhibitory contacts by 
axon collaterals, This finding bears some similarity to a larger Group Ia 
receptiveness of soleus motoneurones (Eccles, Eccles & Lundberg, 19575). 
In the present investigation soleus motoneurones have shown the greatest 
responses to dorsal root stimulation (p. 377), and Denny-Brown (19294) found . 
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a lower threshold in soleus for stretch and other postural reflexes. J. B. 
Preston and D. G. Whitlock (personal communication) have found stronger 
inhibition of soleus than of gastrocnemius motoneurones by cortical volleys, 


General deductions 


Further similarities have been found between tonic alpha motoneurones and 
the motoneurones supplying red muscles in their responses to antidromic 
inhibitory action (cf. Granit, Pascoe & Steg, 1957). However, in this regard, 
as in the duration of post-spike hyperpolarization, motoneurones show a cor- 
- relation with axonal conduction velocity. There appears to be a continuous 
gradation of these properties, although average values for the generally more 
slowly conducting soleus motoneurones differ appreciably from average values 
for gastrocnemius motoneurones. Another difference found in the present 
study between motoneurones of red and pale muscles was in the overshoot 
potential of the spike. This was also correlated with axonal conduction velocity. 
The present experiments do not permit an evaluation of whether motoneurones 
fall into two distinct categories (Granit et al. 1956; Granit, Pascoe & Steg, 
1957) tonic and phasic in response to stretch afferent excitation, but their 
after-hyperpolarization and antidromic inhibition show continuous gradation 
in their relation to axonal conduction velocity. 

It is possible that motoneurones supplying red muscles are developmentally 
more primitive than those innervating pale muscle, since evidence exists that 
red muscle is less differentiated than pale muscle (Denny-Brown, 19296). Such 
less differentiated motoneurones may be characterized by a prolonged time 
course of potassium permeability following excitation and by relatively dense 
synaptic contacts, both excitatory or inhibitory, on their cell bodies. As 
motoneurones differentiate, the potassium permeability following a spike may 
have a shorter time course and synaptic connexions may become simpler. 


SUMMARY 
1. Autidroriis inhibition by axon collaterals and the depression following 
_ antidromic activation of spinal motoneurones innervating red and pale muscles 
have been studied in acute spinal cats by intracellular recording and mono- 
synaptic test reflexes. 

2. In population responses, soleus motoneurones have revealed 4 much 
longer subnormality phase following antidromic activation than have gastro- 
chemius motoneurones. Correspondingly, after-hyperpolarization of soleus 
motoneurones recorded with intracellular sloctrosiae was in general longer in 
total duration and summit time. _ 

3. The peak amplitude of after-hyperpolarization and the equilibrium 
potential for after-hyperpolarization were the same in soleus and gastro- 


chemius motoneurones. 
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4. Conduction velocities of motor axons were correlated with the summit 
time as well as with total duration of after-hyperpolarization of their moto- 
neurones. 

5. By antidromic inhibition by axon collaterals of medial wiakedituenics 
motoneurones, about 25% of the total soleus motoneurone pool was inhibited, 
but only 5% of the lateral gastrocnemius motoneurones was inhibited. The 
inhibitory potential in individual cells was also generally larger in soleus 
motoneurones than in gastrocnemius motoneurones. 

6. There was little difference in the equilibrium potential of the inhibitory 
potential between both types of motoneurones. The slope of the linear relation 
between the inhibitory potential and the membrane potential was correlated 
with the conduction velocity of the axon. 

7. There was no appreciable difference in resting potential between soleus 
and gastrocnemius motoneurones, but the spike potential of soleus moto- 
neurones showed a larger overshoot. 

8. There was a correlation between the overshoot potential of a moto- 
neurone and the conduction velocity of its axon. __ 

9. The time course of the post-spike change of permeability to K+ ions and 
the density of synaptic contacts were mentioned as probable main differences 
between motoneurones supplying red and pale muscles. Tonic and phasic 
characteristics were discussed with the conclusion that there is a continuous 
gradation between two types of motoneurones with respect to after-hyper- 
polarization and antidromic inhibition rather than a complete separation into 
two distinct categories. 


This work was supported by a research grant (B 1320) from the National Institutes of Health, 
Public Health Service. The author wishes to thank Dr C. C. Hunt for his help. 
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THE EFFECTS OF PARTIAL HYPOPHYSECTOMY 
IN THE RABBIT 
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From the Department of Neuroendocrinology, Institute of Psychvatry, 
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(Received 15 June 1959) 


Section of the pituitary stalk in the adult female chinchilla rabbit is followed 
by a reduction in volume of the pars distalis (Campbell & Harris, 1957) and 
by some loss of pars distalis function (Fortier, Harris & McDonald, 1957 ; 
Brown-Grant, Harris & Reichlin, 1957). It has been suggested that the deficit 
in pars distalis function found in stalk-sectioned rats may be due to the reduced 
volume of the gland (Barrnett & Greep, 1951). Few data are recorded on the 
functional capacity of anterior pituitary remnants left after partial hypophy- 
sectomy, apart from the early studies of Smith (1932) in the rat, and the 
recent findings of Ganong & Hume (1956) in the dog. This paper deals with 
an investigation undertaken to determine the dependency of adrenocortical, 
_ thyroidal and ovarian function on pars distalis volume. The tests used were 
similar to those employed by Fortier et al. (1957) and Brown-Grant et al. 
(1957). | 
METHODS 

Forty-nine adult female chinchilla rabbits of body weight ranging from 2-0 to 3-5 kg were used. 
They were kept under uniform conditions of light, temperature and diet (M.R.C. pellet diet 18, 
supplied by A. C. Taylor Ltd, London) and tap water ad libitum from the time they were intro- 
duced into the animal house until killed. The 49 animals consisted of 26 normal controls, 
8 completely hypophysectomized and 15 subjected to varying degrees of partial hypophysectomy. 
No post-operative tests were done until at least 10 days from the operation of hypophysectomy. 
Tests were done in the following sequence: lymphopenic response to emotional stress, thyroidal 
release of radio-iodine in response to emotional stress, thyroidal radio-iodine release and lympho- 
penic response to physical stress (done simultaneously), ovulation response to coitus as a terminal 
_ procedure, thyroidal radio-iodine uptake and adrenal ascorbic acid depletion measured in response 
to phvsical stress. 3 

Hypophysectomy was performed by the parapharyngeal method of Jacobsohn & Westman (1940) 
with the modifications described by Fortier et al. (1957). 

Emotional stress was induced by placing the animals for 3 hr in the restraining clamp described 
by Harris (1948). | 
Physical stress was produced by laparotomy. Under ether anaesthesia a mid-line abdominal 
incision was made, extending 10cm caudally from a point just below the xiphisternum. The 
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_ galine-moistened abdominal viscera were exposed to air for 10-15 min, at the end of which time 


the incision was closed in layers with continuous and interrupted sutures. A single dose of Seclo- 
mycin (penicillin and streptomycin; Glaxo Laboratories Ltd.) was administered subcutaneously 
immediately after operation. 

Thyroidal release of radio-iodine. This was determined in a manner similar to that described by 
Brown-Grant, von Euler, Harris & Reichlin (1954), using 12-hourly neck counts after injection 
of 5 we ™ 1. 

Adrenal ascorbic acid content and depletion, combined with thyroidal radio-iodine uptake. At 
approximately the same time of day each animal was given a subcutaneous injection of 5 pc ™11 
and kept in a diuresis cage for a further 45 min. Left adrenalectomy was then performed as rapidly 
as possible under ether anaesthesia, and the thyroid gland removed; the time of removal of the 
thyroid varied from 58 to 62,min after the injection of radio-iodine. Both ureters were clamped 
and cut and a further clamp placed on the urethra-vaginal junction. After collecting a blood 
sample from the marginal vein of the ear, the abdominal and neck wounds were closed with clips. 
Anaesthesia was continued, the right adrenal removed 14 hr after the time of the left adrenalec- 
tomy and the animal was killed. During the waiting period the thyroid gland and left adrenal 
were dissected free from fat and weighed to the nearest 0-1 mg. The thyroid was cut into two 
pieces, one piece weighed separately and kept for radioactivity measurements, the other piece 
being reserved for histological examination. After killing the animal, the bladder was removed 
and washed out, the washings being added to any urine in the flask under the diuresis cage. 
The measurement of the radioactive content of the thyroid, urine and plasma was performed by 
methods similar to those described by Brown-Grant, von Euler et al. (1954). Determination of 
adrenal ascorbic acid content was done by the method described by Fortier e¢ al. (1957). 

Blood lymphocytes. The validity of the lymphopenic response as an index of the release of 
adrenocorticotrophic hormone in the rabbit has been demonstrated by Colfer, de Groot & Harris 
(1950). The technique used in the present study was essentially similar to that of Fortier et al. 
(1957). 

Histological procedures. Immediately after death the rabbits were injected with 200 ml 1:3 
Indian ink (Mandarin Black, Winsor & Newton) through the carotid arteries; the head was 
removed, trimmed and fixed in 10% formalin saturated with mercuric chloride. After complete 
fixation all heads were decalcified in a formic acid and sodium formate mixture, and dehydrated . 
with iodized ethyl alcohol solution. A block of tissue containing the hypothalamus, base of skull 
and pituitary gland was embedded in low-viscosity nitrocellulose, serially sectioned at 200u 
and lightly stained with haematoxylin and eosin. The volume of the pituitary gland and its parts 
was determined in the manner described by Campbell & Harris (1957). Wherever it was difficult 
to be certain as to the part of the pituitary gland represented by a remnant, or where it was thought 
of special interest to know the cytology of a fragment of pituitary tissue, the thick celloidin sections, 
after volume tracings had been made, were dismounted and de-stained. The whole section or 
the relevant part of it was then embedded in wax and sectioned at 5-10 ». These thin sections 
were stained trichromatically with a modification of the Mallory-Azan technique. The periodic- 


acid-Schiff method was also used. 


The ovaries, adrenal glands and thyroid lobes were fixed in 10 % formalin, dekvaresed, embedded 
in wax, sectioned at 10 » and stained with haematoxylin and eosin, care being taken to ensure 
uniformity of treatment for all tissues. Measurement of thyroid epithelial cell height was carried 
out as follows: thyroid gland sections were examined under the oil immersion lens with a binocular 
microscope fitted with a micrometer eyepiece. A clearly defined cell from each of five distinct 
follicles from the widest part of each thyroid lobe was measured five times. The mean height of 
these five cells was taken as the ‘epithelial cell height’ for that animal. Measurements were made 
of ovarian follicular diameters. The sections of ovary were examined under a 33 mm objective, 
and the largest diameter of the five largest follicles in either of the ovaries of each animal was 
measured with a micrometer eyepiece. The mean of the five determinations for each animal was 
taken as the ‘follicular diameter’ for that animal. _ 
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RESULTS 
Pituitary volume 

Pars distalis. The volume of the pars distalis determined in ten normal 
animals was 23-91 +1-57 mm?. This figure is about 40% greater than that 
given by Campbell & Harris (1957). An increase of this order was found for 
the other parts of the pituitary gland in this present series. The explanation 
offered is that the pituitaries described by Campbell & Harris (1957) were 
fixed in 10° formalin, whereas those of the present study were fixed in 
formol-sublimate; it is well known that the latter fixative produces consider- 
ably less shrinkage of tissues than formalin alone. 


Table 1. Absolute and relative (normal = 100) volumes of pars distalis remnants in partially 


hypophysectomized rabbits 
Absolute 3 bsolute 

No (mm‘*) Relative No Relative 
10 0-03 1-1 19 2-91. 12-2 
43 0-54 2:3 44 5-40 22-6 
i) 0-93 3-9 38 8-10 33-9 
14 1-20 5-0 4 8-75 36°7 
24 1-48 6-2 40 8-97 37°5 
30 2-30 9-6 26 12-99 54-4 
42 2-62 10-9 27 16-71 69-9 

28 20-95 87-6 


The volumes of the pars distalis remnants found in the partially hypophy- 
sectomized animals are shown in Table 1. In all except oneanimal the pars 
distalis remnant had excellent vascular connexion with the primary plexus of 
the median eminence, as demonstrated by ink-filled portal vessels. The excep- 
tional animal was rabbit No. 24 where the remnant was located under the 
dorsum sellae and was well vascularized from surrounding cancellous bone. 
A portion of the infundibular process remained attached to the median 
eminence in this rabbit, but no, or practically no, vascular connexion existed 


between the median eminence and the pars distalis remnant. It will be seen 


from results presented that rabbit No. 24 consistently exhibited a functional 
depression similar to that of the completely hypophysectomized animal. 
Other rabbits with less pars distalis showed a higher level of function. 


Pars intermedia. Pars intermedia remnants occurred in eleven partially 7 


hypophysectomized rabbits. The volume of the remnant could not be 
correlated with any target gland function. 

Neural lobe. Neural lobe remnants occurred in twelve of the partially 
hypophysectomized animals. No correlation existed between the volume of 
the remnant and any target gland function. 


Thyroid 


Weight. The thyroid weights found in the several groups of animals, and the 


statistical data derived from them are given in Table 2. 
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Histology. Visual comparison of thyroid sections from animals in the various 
groups gave a rough correlation between histological characters (size of 
follicles, amount of colloid, appearance of cells) and the pars distalis volume, 
but it was considered that more precise quantitative methods would be useful. 


1 Accordingly, the thyroid epithelial cell height was measured. There is much 


variability in the size of thyroid follicles in the rabbit and it is intended that 
the figures given in Table 2 for epithelial cell height should be taken as only 
approximate. 
TaBLeE 2. Thyroid: summary of data and statistical derivations 
Pars distalis 


| Complete 
elie Normal hypophysectomy <30%* >30% <10% >10% 
(mg) (10) 1495415t (3) 66-9412 (9) 1110410 (6) 124-4412 (6)100-4412 (9) 127049 
Relative 100 44-7 14-2 83-2 67-2 84-9 
ificance of  <0-02 <0-01 >0-2 <0-05 >0-2 
nce from 
normal (P) 
Significance of >0-4 >0-2 
intergroup 
difference (P) 
Cellheight 
Absolute (m~*) (10) 592-04.29-7 (3) 228-6419-1 (9) 342-8452:°5 (6) 479-1413-8 (6) 2091-44455 (9) 480-0437:3 
Relative 100 38-6 579 84-0 49:2 | ) 81-1 
ificance of <0-001 <0-001  <0-05 <0-001 <0-05 
erence from 
normal (P) 
Significance of €0-05 <0-02 
intergroup 
difference (P) | 
| (10) 48540-65 (1) 0-68 (6) 4:3241-34 (5)48140-49  (5)3-2941-58 (6) 5-2540-68 
ose by 
gland 
3-20+0-27 1:18 3-40+0-99 4-:19+0-38 2-8541-32 4-28+40-39 
mg 
Relative uptake 100 15:1 80 106-0 67-8 - 108-2 
-By whole gland 
By 100 mg 100 39-9 99-2 130-9 89-1 133-8 
ignificance of 
nce in 
uptake from 
) normal (P) 
By whole gland >0-7 >09 nine 
By 100mg gland >08 >0-05 — 
* Pars distalis remnant below 30% of normal volume. + +standard error; number of animals in brackets. 


Rate of release of radio-iodine. The mean rate of release, determined in eleven 
experiments on eleven normal rabbits, was found to be 20-3 + 1-6% per day, 
a figure in close agreement with that reported by Brown-Grant et al. (1957), 
In six experiments on three completely hypophysectomized animals the cor- 
responding mean was 2-6 + 1:6% per day, a reduction of 87:2% from normal. 

Twenty-two thyroid radio-iodine release experiments were carried out on 

fifteen partially hypophysectomized animals. The release curves fell fairly 
| sharply into two groups. Rabbits with pars distalis remnants greater than 
10% of normal volume gave release curves of the normal or ‘steep slope’ 
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type (Fig. 1a). Animals with pars distalis remnants below 10% of normal 
volume gave release curves of the ‘flat slope’ type (Fig. 16) as obtained with 
the completely hypophysectomized animal (Brown-Grant, von Kuler etal. 1954). 
Two rabbits in this latter group (Nos. 9 and 14) were treated with thyro- 
trophic hormone (0-5 mg, Armour Laboratories Ltd, Lot No. R377157) during 
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Fig. 1. Partial hypophysectomy. (a) Typical release curve for radio-iodine of the thyroid of 
_ @ normal rabbit or one with more than 10% (in this animal 12%) of normal pars distalis 
volume. (b) Typical release curve from a completely hypophysectomized animal or one with 
less than 10% normal pars distalis volume. (c) Relation between thyroidal rate of release 

of radio-iodine (as %/day) to volume of pars distalis remnant (as % of normal). 


a release curve determination. There was an immediate increased release in 
both animals similar to that described by Brown-Grant, von Euler et al. (1954). 
The relation between rate of release and pars distalis volume is shown graphi- 
cally in Fig. 1c. It may be seen that there was no appreciable change in rate 
of release in the series of animals with pars distalis remnants ranging from 
10 to 100% of normal. 


Uptake of radio-iodine. The values found and statistical data derived from 


ise 
i 
be 
(ue 
\ 


PARTIAL HYPOPHYSECTOMY 399 


them are given in Table 2. It was possible to carry out an uptake experiment 
on only one completely hypophysectomized rabbit, but in this animal a clear- 
cut result was obtained. There is obviously no significant difference between 
the group of animals with less than 30%, of normal pars distalis volume and 
the group with more than this amount. In view of the fact that the uptake 
figures in the group of animals with less than 10% of normal pars distalis 
volume are not normally distributed, it is not possible to apply tests of statis- 
tical significance to the differences. Statistical methods are not necessary 
to see that the group with remnants greater than 10° of normal has much 
greater uptakes than the group with smaller remnants. It is of interest that 
the *'I uptake of rabbit 24, the animal with little or no portal vessel connexion, 
was similar to that found in the completely hypophysectomized animal 
(uptake by whole gland, 0-29%; by 100 mg, 0:26%). 

To see whether the difference in thyroidal uptake of I in the two operated 
groups could be explained by differences of urinary excretion of }“1I, measure- 
ments of the radio-iodine content of the urine and plasma of the partially 
hypophysectomized animals were performed. These showed that no significant 
difference existed between the various groups in this respect. 

Stress responses. Brown-Grant, Harris & Reichlin (1954) have demonstrated 
that restraint diminishes the rate of radio-iodine release from the thyroid 
gland and that the normal rate is rapidly restored when the restraint is removed. 
This has been confirmed in eight experiments on eight animals. That complete 
hypophysectomy results in a curve of the ‘flat slope’ type has also been 
confirmed by five experiments on three rabbits. 

Those partially hypophysectomized animals (9 in number) which had pars 
distalis remnants larger than 10% of the normal behaved like normal animals 
in that restraint slowed the release of radio-iodine (Fig. 2a). Those (6 in num- 
ber) which had remnants of less than 10° behaved like the completely 
hypophysectomized animal: the release of radio-iodine was very slow (flat-type 
curve) and consequently no attempt was made to show any further slowing 
as a result of emotional stress. 

Likewise, the slowing effect of physical stress (laparotomy) on iodine 
release demonstrated by Brown-Grant et al. (1954) was observed with six 
animals which exhibited ‘steep-slope’ release curves (Fig. 26) and was not 
investigated on the ‘flat-slope’ type. One animal (No. 14) gave an atypical 
response in that the release curve first determined was of the flat type 
typical of an animal with less than 10° distalis volume. This release was 
increased by thyrotrophic hormone. The release, however, 20 days later was 
at the rapid rate of 8%-per day and was not diminished by lepnoenay: 
This animal had 5% of normal pars distalis volume. 
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Restraint 


Rabbit 27 


_ Neck count per minute (% of initial count) 


Rabbit 19 


Neck counts per minute (% of initial count) 
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Fig.2. Partial hypophysectomy. (a) Typical release curve for radio-iodine of the thyroid during the 


stress of restraint in a normal rabbit or one with more than 10% normal pars distalis volume _ 


(in this animal 70%). (b) Typical release curve response to laparotomy in a normal rabbit 
or one with more than 10% (in this animal 12%) of normal pars distalis volume. 
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Adrenal 


Weight. The values found and the statistical data derived from them are 
given in Table 3. 
Histology. Very marked asymmetry of the cortex in the normal animals 
_ precluded the use of exact measurements such as of the cortex: medulla ratio. 
The most obvious feature in the completely hypophysectomized animals was 
a marked reduction in the width of the fasciculate zone. The reticulate zone 
exhibited a much smaller reduction in width. There appeared to be a definite 
increase in the glomerular zone width. The adrenal cortices of the partially 
hypophysectomized animals fell into two fairly sharply defined groups. 


: TaBLE 3, Adrenal: summary of data and statistical derivations 
Complete Pars distalis 
hypo- A 
Normal ‘ physectomy <30%* >30% <10% >10% 
Weight 
Absolute (mg) (10) 441-2+32t (6) 160-5417 (9) 276-9124 (6) 436-1449 (6) 244-6426 (9) 404-5435 
Relative ® 100 36-4 62-8 98-8 55-4 91-7 
Significance of difference — <0-001 <0-01 >0-9 <001 >0-4 
from normal (P) | 
of intergroup <0-01 <0-01 
rence (P) 
Ascorbic acid content 
Absolute (ug) 
By whole gland (22)516450. (4)326462  (4)331456  (5)465472 (3)352440 (6) 433167 
100 mg 225+16 355 +21 245 +59 216415 268 +54 209 +15 
tive 
By whole gland 100 63 64 90 68 84 
By 100 mg 100 158 109 96 109 93 
Lymphopenic response to 
emotional stress 
Absolute drop (8)5143 (2)T47 — (6) 3545 (9) 4445 
Relative drop 100 — 86 
Significance of difference <0-05 >0-2 
from normal (P) 
No. of experiments 29 3 -- _ 8 14 


Conventions as for Table 2. 


Rabbits with less than 5°% of normal pars distalis volume had adrenals which 
were close to the appearance in the completely hypophysectomized with 
enlarged glomerular zone and markedly atrophic fasciculate zone. Animals 
with more than 5°% of normal pars distalis volume showed a very slight 
atrophy of the fasciculate zone but no other abnormal features, — 

Ascorbie acid content. There is obviously (see Table 3) no significant dif- 
ference in concentration of ascorbic acid, but there is a difference in whole 
gland content of ascorbic acid between the groups with more or less than 30%, 
and the groups with more or less than 10°% of normal pars distalis volume. 

Lymphopenic response to emotional stress. The effect of emotional stress in 
the form of restraint was tested in twenty-nine experiments on eight normal 
rabbits, three experiments on two completely hypophysectomized animals and 
twenty-two experiments on fifteen partially hypophysectomized rabbits 
(Table 3). In the individual rabbit (No. 24) with little or no portal vessel 


a 


Weight 
(mg) (9) 648-04112t (7) 113-9411 181-8420 (6) 425-7491 (6) 186-3428 (9) 341-4473 
Relativ 100 17-6 28-1 65-7 28-8 52-7 
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connexion with the pars distalis remnant, which measured 6% of normal 
volume, there was no significant fall in blood lymphocytes. Rabbits with less 
than. this amount of pars distalis tissue gave a positive response to the test. 
Lymphopenic response to physical stress. The effect of physical stress in the 
form of laparotomy was determined in nine normal rabbits. The mean drop 
in absolute number of lymphocytes was 67 + 4°%/mm*. In fourcompletely hypo- 
physectomized animals laparotomy produced an increase of 23+ 15%/mm°. 
This difference from normal is evidently significant; lymphocytosis had 
occurred. Laparotomy was performed on five partially hypophysectomized 
animals with pars distalis remnants ranging from 5 to 70%. Each animal 
gave a significant lymphopenic response. | 
Ascorbic acid depletion with physical stress. hae! in twenty-two normal 
rabbits produced a mean fall in ascorbic acid concentration of 24-0 + 2:3%. 


In four completely hypophysectomized animals the corresponding figure was 


6-8 + 1:-6%,; this is 28-3 % of normal. Three animals with pars distalis remnants 
below 10 % of normal volume gaveamean ascorbic acid depletion of 15-0 + 3-5%. 
The corresponding figure in six animals with pars distalis remnants greater 
than 10% of normal volume was 17-4+6-3%. These figures are not signifi- 
cantly different from each other or from normal, whereas both are significantly 
different at the P = 0-1 level from the value obtained in someptensy hypophy- 
sectomized animals. 
Ovary 
Weight. One normal animal was found to be pseudopregnant when killed; 


its ovarian weight is not included in the data given in Table 4. There was no 
_ significant difference between the ovarian weight of the normal group and 


the ovarian weight (531 +15 mg) of the animals which ovulated (see below). 


TABLE 4, Ovary: summary of data and statistical derivations 
Pars distalis 
Complete A 


Normal <30%* >30% <10% >10% 


Follicular 


(mm) 1:320+0:16 (3) 0-411+0-03 (9) 0-668+40-10 (6) 1-29240-14 (6) 0-64540-13 (9) 1-100+.0-14 
Relative 100 31:3 50-6 97-9 48-9 83:3 


Conventions as for Table 2. 


Histology. On visual comparison of ovarian sections a rough correlation 
between histological features and pars distalis volume was observed, but it 
was considered that measurements of follicular diameters should be made. 
The values obtained are given in Table 4. 

Post-coital ovulation. The ovulation response to zine was tested in ten 
normal, two completely hypophysectomized and thirteen partially hypophy- 
sectomized rabbits. The procedure was as follows. The female experimental 
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animal was placed successively in the cages of two normal male rabbits until 
mating occurred, or for two 10 min periods. In the abserice of mating the 
test was repeated three times at weekly (or longer) intervals. If copulation 
occurred on any occasion, the animal was killed about 48 hr later and the 
ovaries were examined for ovulation points. If copulation did not occur, | 
the animal was killed after the third test and its ovaries examined in the | 
usual way. 

Nine of the ten normal animals accepted both males within 5 min on the first 
occasion that they were put together. The other normal rabbit accepted the 
male on the third oceasion. In all ten normal animals the ovaries showed 
multiple ovulation points when examined 48 hr after copulation. 

Neither of the two completely hypophysectomized rabbits copulated with 
the males, and neither showed ovulation points. Of the thirteen partially 
hypophysectomized animals, two accepted both males on the first occasion, © 
and one copulated with both males on the second occasion. These three 
(Nos. 38, 26, 28) showed multiple ovulation points 48 hr lat r. They had pars 
distalis remnants above 30% of normal volume. None of the other animals 
in this group copulated and none of them showed any ovulation points. 
All except two of the ten rabbits which did not capene had po distalis 
remnants below 30°% of normal volume. 


Body weight 
Graphical examination of the body weight and pars distalis volume in 


ten normal rabbits revealed no correlation between these two parameters. 


This was also the case with the partially hypophysectomized animals.. Over 
the period of the experiments, the normal animals showed a mean increase 
in body weight of 27%. Three completely hypophysectomized animals 
showed a mean decrease in body weight of 14% between operation and 
death. The partially hypophysectomized animals showed a mean increase in | 
body weight of 5% between operation and death. 


DISCUSSION 


Results have been presented in which morphological, histological and heel: 
logical criteria of the target glands are related to the pars distalis volume in 
partially hypophysectomized animals. It is necessary to examine the degree 
of reliance that may be placed upon the pars distalis relative volume figures 
assigned to each animal in the series. The normal range of pars.distalis volume 
was found to be 18-2-32-6 mm’. This would suggest that the absolute volume 
determined in the partially hypophysectomized series might be difficult to 
relate to the individual animal’s preoperative pars distalis volume. The relative 
volume figures given in the text and tables are based upon the normal mean. 
This is considered acceptable since (a) the normal 1 mean had a low standard 
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error, indicating that most normal animals had a pars distalis volume close 
to the normal mean, and (6) it is unlikely that any systematic results would 
have been obtained if the experimental relative volume figures were subject 
to a twofold variation. Another factor to be considered is the possibility of 
regeneration of pars distalis tissue. Mitotic figures in the intact pars distalis 
of several species have been described (Cameron, 1952). 

More recently, Daniel & Prichard (1958) have observed mitoses in the pars 
distalis region a few days after pituitary stalk section in the goat. In this 
species and in the sheep (Daniel & Prichard, 1957) pituitary stalk section 
appears to be followed in a short time (24-48 hr) by almost total necrosis of 
the pars distalis, only a thin rim of surviving tissue remaining. Animals which 
survived for about a month were found to have distinctly thicker rims of 
living pars distalis tissue, and the possibility is raised that regeneration may 
have occurred during this month. However, in the present series, animals with 
pars distalis volumes at death of 1, 2, 3 and 5% of normal, had lived post- 
operatively 165, 101, 97 and 191 days, respectively. In view of these small 
volume figures and long survival times, it is felt that regeneration of pars 
distalis tissues did not occur to any relevant extent in the present series of 
animals. If regeneration did occur, then the figures here quoted for size of 
anterior pituitary remnant during the tests are higher than they should be. 

It will be convenient to discuss the results for each target gland separately 
before considering the over-all findings. Removal of 99°% of the pars distalis 
did not abolish the response of the adrenal cortex to stress; removal of 90°% 
did not reduce its ability to maintain a normal ascorbic acid concentration ; 
removal of 90% did not disturb the normal histological appearance of the 
adrenal cortex; but removal of 70% of the pars distalis produced a highly 
significant reduction in adrenal weight. Since many reports (for example, 
White, 1933; McPhail, 1935; Cutuly, 1936) have established the fact that 
adrenal atrophy after hypophysectomy is limited to the cortex, it seems that 
partial hypophysectomy has a differential effect upon the size and function 
of the adrenal cortex. Aschner (1912) and Smith (1932) found that 30% or 
more of the pars distalis was necessary to maintain normal adrenal weight 


in the rat. Ganong & Hume (1956) report no loss of adrenal weight in the dog 


after removal of 95% on the anterior pituitary. However, Ganong & Hume 
(1956) appear to have used only one animal for the determination of normal 
pars distalis volume, and estimated their volumes by a method that is not 
clear from their account. The present findings with regard to the histology 
and functional capacity of the adrenals are essentially in accord with the 
observations of Ganong & Hume (1956). The most likely explanation of the 
differential effect of partial hypophysectomy upon adrenocortical weight and 
function is felt to reside in a greater sensitivity of the weight-maintaining 
mechanism to reduction in blood levels of ACTH. It is improbable that the 
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phenomenon is due to the existence of more than one kind of ACTH (Sulman, 
1952), since graded partial hypophysectomy would not be expected to reduce 
selectively the output of such multiple hormones. 
Removal of 90% or more of the pars distalis results in a profound reduction 
in the release and uptake of radio-iodine by the thyroid, and in the height 
of thyroid epithelial cells. These parameters and also the thyroidal responses 
to stress remained normal with pars distalis volumes greater than 10% of 
normal, However, there was no significant difference in thyroid weight both 
in the animals with more and in those with less than 10% of normal pars 
distalis volume. Thus partial hypophysectomy seems to have a differential 
effect upon thyroid weight and function, the latter being more sensitive. 
This effect is the reverse of that reported by Greer (1952, 1957) who found that 
rats bearing ocular pituitary transplants exhibited thyroid atrophy in the 
presence of approximately normal thyroidal radio-iodine metabolism. These 
findings led Greer to postulate the existence of two kinds of TSH. This concept 
and the finding on which it is based have been criticized by Halmi, Spirtos, 
_ Bogdanove & Lipner (1953), Vanderlaan & Caplan (1954) and Bogdanove & 
Bogdanove (1957). The present results are in agreement with the views of 
these dissenters. | 
In the present'study it was found that the slope of the release curve did not 
appreciably alter with pars distalis volumes ranging from about 10 to 100% 
of normal. There seems no reason to assume that significant variation in 
hormone content occurred in the thyroids of these animals, since (a) they 
were all kept under the same controlled conditions of diet, room temperature 
and light, (b) their thyroid weights were distributed over a small range, and 
(c) their radio-iodine uptakes also cover a small range. It might therefore 
reasonably be concluded that graded reduction of pars distalis volume from 
100 to 10 % does not result in graded reduction in thyroid activity. It evidently 
does not cause graded reduction in radio-iodine release, or in the height of 
the epithelial cells of the thyroid. This lack of graded response is thought to 
be most likely explained by an amount of TSH-producing tissue in the normal 
pituitary about 10 times in excess of that required for basal function. 
Removal of 70% of the pars distalis resulted in abolition of the post-coital 
ovulation response, marked reduction in ovarian follicular diameter and a 
significant loss of ovarian weight. These parameters are normal with pars: 
distalis volumes greater than 30% of normal. Also, in confirmation of the 
observation of Smith (1932) in the rat, 10% of normal pars distalis volume 
maintained ovarian weight above the level of hypophysectomized controls, 
but produced disturbance of the histological characters. The present findings 
also confirm the morphological and histological data presented on the ovary 
by Ganong & Hume (1956). 
The present results indicate that as pars distalis volume is gradually reduced 
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ovarian dysfunction first appears (30% remnant), then there is loss of both 
ovarian and thyroidal function (10% remnant), and finally, with exceedingly 
small (less than 1°) remnants there is also loss of adrenal function. Similar 
results with regard to morphological and histological characters were obtained 

by Smith (1932) in rats, and by Breckenridge & Keller (1948) and Keller, 
Lawrence & Blair (1945) in dogs. Progressive pituitary disease in humans is 
frequently first manifested by a depression in gonadal function, followed by 
symptoms of thyroid and adrenal insufficiency (Peters, German, Mann & Welt, 
1954; Sheehan & Summers, 1949). The functional tests carried out by Ganong 
& Hume (1956) in the partially hypophysectomized dog yielded a similar 
spectrum of endocrine dysfunction. One explanation of this spectrum involves 
anterior pituitary architectonics. It is well established in several species that 
the pars distalis is not homogeneous; concentrations of the main cell-types 
are found in various regions. It is possible that the peripheral-lying ‘gonado- 
trophs’ are removed first at parapharyngeal hypophysectomy, and that the 
more centrally placed ‘thyrotrophs’ are next withdrawn, so that with small 
remnants there may be no basophilic elements present and therefore no gonadal 
or ovarian function. Ganong & Hume (1956) claim that cytological examina- 


tion of the small remnants revealed the presence of all three types of pars 


distalis cell. In the present work, trichromatic staining of 10 sections, cut 


from the haematoxylin and eosin de-stained 200 y: sections, produced results 


that were far from satisfactory. But it did appear that all three cell types 
were present in even the smallest remnant. It seems, then, that the spectrum 
of endocrine dysfunction seen after graded partial hypophysectomy is not 
to be explained on the basis of pituitary cell disposition—though this conclu- 
sion must be regarded as tentative pending proper cytological studies. Another 
possible explanation is that the parameters used in evaluating a particular 
target gland are more sensitive than those used in evaluating another gland. 
It is difficult to believe that the release and uptake of radio-iodine by the 
thyroid gland is less sensitive than the criteria used here to assess adrenocortical 
activity. With regard to the ovary, it has to be admitted that post-coital 
ovulation is only one aspect of the ovarian functional complex. But the ovula- 
tion results are supported by the morphological and histological findings in 
the ovary. In general the spectrum of malfunction revealed in the present 


series, which is a pattern found by other workers under somewhat similar _ 


conditions, is supported in the case of each target gland by several criteria. 
It is therefore believed that the spectrum is not to be explained on the basis 


of choice of parameters. A third possibility is that there exists a difference in 


the sensitivity of the target glands to their trophic hormones. This possibility 
can be tested adequately only when pure preparations of the trophic hormones 


are available and when their activities can be pet in terms of weight 
rather than arbitrary ‘units’. 
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A fourth possibility, and the one considered most likely, is that there are 
quantitative differences in the various hormones released from the pars distalis. 
This might be due to (a) varying proportions of the cell types, each type 
having roughly equal activity, or (b) differing resting levels of activity among 
the cell types. No evidence appears to have been recorded with regard to the 
second possibility. Rasmussen (1933) found that in the pars distalis of normal 
man the proportions of chromophobes, acidophiles and basophiles were 52, 
37 and 11, respectively. Nelson (1935) in the normal rat found the series to 
be 42, 50 and 8, respectively. Similar findings are reported in the papers by 
Wolfe and his colleagues (see Wolfe & Brown, 1942). These several results 
suggest that the basophilic elements in most species are in the great minority. 
Since ‘gonadotrophs’ and ‘thyrotrophs’ are found among the basophiles, it 
seems likely that gonadal and thyroidal functions would be lost before adreno- 
cortical function after reduction of pars distalis volume. No evidence of this 
- kind is yet available to ee. that gonadal function would be lost before 


SUMMARY 


1. Adult female chinchilla rabbits were subjected to graded partial hypo- 
physectomy. Morphological, histological and physiological criteria of ovarian, 
thyroidal and adrenocortical spupiges were correlated with the volume of the 
pars distalis remnant. 

2. The percentages of ‘etek pars distalis volume required to maintain 
normal target gland weight were these: ovary and adrenal, 30%; thyroid, 
10%. The ovary and adrenal weights were maintained above the level of 
completely hypophysectomized controls i 10%. of normal pars distalis 
volume. 

3. Normal histological features of the target glands were maintained by 
_ the following percentages of normal pars distalis volume: ovary, 30%; oer 
10%; adrenal, 5%. 

4. The post-coital ovulation response required 30% of normal pars dintalia 
volume. Normal uptake and release of radio-iodine and normal responses 
to emotional and physical stresses by the thyroid were all maintained by 

10% of normal pars distalis volume. The adrenocortical lymphopenic and ° 
ascorbic acid depletion responses to emotional and physical stresses were 
maintained by 1%, of normal pars distalis volume. 

5. As pars distalis volume was reduced, the ovary first showed loss of - 
function. With greater reduction, both ovary and thyroid were malfunctional. 
Reduction down to 1% of normal did not abolish adrenocortical function. 
This spectrum of malfunction may be due to different proportions of the various 
cell types of the pars distalis. 

6. Graded partias hypophysectomy had no significant effect on body wake 
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A NOTE ON THE BINDING OF THYROXINE 
TO RAT DIAPHRAGM 


By C. OSORIO 


From the Medical Research Council Experimental Radiopathology Research 
Unit, Hammersmith Hospital, London, W. 12 


(Received 17 June 1959) 


It has been shown by Hogness, Lee, Berg & Williams (1957) that after 
incubation of rat diaphragm with ™I-labelled thyroxine the radioactivity 
taken up by the muscle was not washed out by rinsing in cold buffer for 
30 sec. From this fact it was concluded that thyroxine was bound to the 
muscle cell. Further incubation of the diaphragm with unlabelled thyroxine 
showed that little or none of the thyroxine was lost; hence it was inferred that 
chemical binding had occurred and was associated with some biological process 
in the muscle. 
METHODS 
The experiment of Hogness et al. was repeated with a few modifications as follows: Two dia- 
phragms were removed from rats under ether anaesthesia; they were bisected and immersed in 
10 ml. of Krebs’s phosphate buffer, pH 7-7, containing 2 yc of thyroxine labelled with™ I (specific 
radioactivity 3 yc/ug), and incubated at 37° C in a Warburg bath for 2 hr. After this the hemi- 
diaphragms were treated in the following way. Two hemidiaphragms were rinsed in 100 ml. of 
cold buffer (2° C) for 1 hr with continuous and gentle stirring, then one hemidiaphragm was 
dissolved in 10 ml. of half-saturated NaOH and counted for radioactivity in a scintillation counter. 
The other hemidiaphragm was immersed in 5 ml. of rat serum at room temperature for 1 hr and 
its ™ content then determined in a similar way. The remaining two hemidiaphragms were rinsed 
in cold buffer for 30 sec and then immersed in 10 ml. of Krebs’s buffer containing unlabelled 


_ thyroxine 100 pg/ml. and incubated for 1 hr at 37°C. After this they were rinsed in cold buffer — 


for 1 hr with stirring; one hemidiaphragm was counted for radioactivity as described above, and 
the other immersed in rat serum for 1 hr and then.counted. 

The same procedures were carried out with four hemidiaphragms that had previously been 
boiled in buffer for 5 min. Four pieces of filter paper, Whatman no. 3 MM, of 2 cm? were each 
similarly treated. 

These experiments were repeated twice. 


RESULTS 


The results are shown in Table 1. It can be seen that the uptake of radio- 
activity which could not be washed out by rinsing in buffer for 1 hr is the same 
in the fresh diaphragms and the boiled diaphragms, and even bigger in the 
filter paper. The specimens incubated with unlabelled thyroxine show even 
larger content of radioactivity than the other ones. 
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The incubation in serum at room temperature for 1 hr drives out three- 
quarters of the radioactivity from the muscle, The remaining radioactivity 
can be washed out by shaking for a few minutes with ethanol. 


TABLE | | 
Content of 11] 
: (% of total radio- 
Content of #1 activity in the 
(% of total radio- incubation flask 
; Treatment after incubation activity inthe after 1 hr in serum at 
Specimens with **"]-thyroxine incubation flask) room temperature) 
Fresh diaphragms Rinsed in buffer for 1 hr 8°5 (a) 2.3 
1 hr incubation with unlabelled 10-0 3-0 
thyroxine, then rinsed in 
buffer for 1 hr 
Boiled diaphragms Rinsed in buffer for I hr 9-6 (b) 5-0 
1 hr incubation with unlabelled _ 14:8 Bd 
thyroxine, then rinsed in : 
buffer for 1 hr 
2 cm? filter paper §Rinsed in buffer for 1 hr 16-0 (c) 2-5 
1 hr incubation with unlabelled 2°5 
thyroxine, then rinsed in 
buffer for 1 hr 


(a) Total uptake by 4 hemidiaphragms 34-0 % ; (b) total uptake by 4 hemidiaphragms 38-4% ; 
(c) total uptake by 4 pieces 64%. 


DISCUSSION 


From the results presented one can readily agree about the binding power of 
the rat diaphragm towards thyroxine, but from the findings with the boiled 
diaphragm and the pieces of filter paper one must conclude that there is no 
justification for assuming that a biochemical or biological process was involved 
in this binding. The uptake of thyroxine by muscle in the type of experiments 
under discussion is probably not due to a diffusion into the muscle, but to a 
simple adsorption to the surface of the tissue, whence thyroxine cannot: be 
recovered by rinsing in buffer on account of its low solubility in an aqueous 
solvent. Serum, on the other hand, on account of the binding power of its 
_ proteins for thyroxine, can bring about a dissociation of the hormone from the 
muscle, The control experiment of Hogness et al. with Na’**I does not appear 
to have been appropriate on account of the different physico-chemical charac- 
teristics of NaI and thyroxine. 

The incubation of the muscle, previously treated with 131]-thyroxine, with 
unlabelled thyroxine, although it leads to some loss of radioactivity from the 
tissue, also leads to more unlabelled thyroxine being adsorbed to the surface 
of the muscle, lowering the specific radioactivity of the thyroxine already 
there; when the muscle is then rinsed in buffer, even though more thyroxine 
may be driven off the hemidiaphragm, less radioactivity is washed out. This 
may explain the fact that after incubation with unlabelled thyroxine followed | 
by rinsing in buffer, a higher content of *!I was found in the tissue. 
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SUMMARY 


It is shown that the binding of thyroxine to rat diaphragm 1m vitro is due to 
non-specific adsorption, since thyroxine is equally firmly bound to boiled 
diaphragm and to filter paper. 
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Ostberg (1931) showed that citrate excretion in man was increased by alkalosis 
and decreased by acidosis. These changes in urinary citrate were found to be 
independent of plasma citrate concentration (Sherman, Mendel & Smith, 


- 1936). This led Martensson (1940) to study the role of renal metabolism in 


regulating citrate excretion. He concluded from experiments on rabbits and 
cats that alkalosis decreased citrate utilization by the kidney, and caused ~ 
accumulation of citrate in renal tissue with rise of urinary citrate. 

Potassium depletion, with its accompanying extracellular alkalosis and 
intracellular acidosis (Cooke, Segar, Cheek, Coville & Darrow, 1952; Anderson 
& Mudge, 1955), decreases citrate excretion (Fourman & Robinson, 1953; 
Evans, MacIntyre, Macpherson & Milne, 1957). The similarity of the effect 


- produced by potassium depletion and by administration of ammonium chloride 


suggested that intracellular pH was an important factor in the control of 
urinary citrate (Milne, Muehrcke & Heard, 1957). The action of the hydrogen 
ion was thought to be on the condensing enzyme which synthesizes citrate 
from oxaloacetic acid and acetyl-coenzyme A. This reaction has been shown 
in vitro to bé extremely pH sensitive (Stern, Ochoa & Lynen, 1952), alkalinity 
increasing citrate production. Unlike the view of Martensson (1940), this 
concept implies increased renal production of citrate in alkalosis and not 
diminished utilization. 

This paper presents further evidence that citrate excretion is influenced 
by factors known to change the intracellular pH of the renal tubular cells. | 
Urinary citrate and renal tissue citrate are shown to vary in parallel and to 
be much more sensitive to alteration of acid-base balance than to changes in 


4 
x 
| 
7a 


414 M.A.CRAWFORD, M. D. MILNE AND B. H. SCRIBNER 


METHODS 


The experiments were performed on male and female hooded rats weighing between 150 and 300 g. 
The animals had been maintained on a Thomson cubed stock diet and water, and were not 
deprived of food before the experiments. Each rat was weighed immediately before each experi- 
ment, and all dosages and urinary excretion data were calculated in terms of body weight. 

Administration of test substances. All injections were warmed to 37°C and injected intra- 
peritoneally. Absorption of test substances was monitored by inclusion.in the injection of 
sodium p-amino-hippurate (PAH, 20 mg/kg body wt.). PAH excretion was measured during the 
first hour and was almost constant in amount. In the few instances in which PAH excretion was 
low necropsy showed that the injection had not been intraperitoneal, and the experiment was 
rejected as unsatisfactory. 

Collection and analysis of urine. Male rats only were used in experiments requiring collection 
of urine. Each rat was placed in an individual metabolism cage, which was designed to hold the 
rat over a small collection beaker and to avoid faecal contamination of the urine. Each urine- 
collection period was usually 1 hr in length. The rate of excretion of endogenous creatinine was 
used to check the accuracy of all urine collections. Creatinine excretion in any individual rat 
seldom varied more than + 15% /hr from the mean hourly value of the whole experimental period. 


- In the few cases where the variation was greater than this amount, the experiment was rejected as 


unsatisfactory. In some experiments, where even greater accuracy of urine collection was required, 
special attention made it possible to reduce variation in creatinine excretion even more. In these 
particular experiments the creatinine excretion findings have been included in the tables. 

All urine specimens were diluted to 10 ml. with neutral water. The pH of the diluted urine was 


measured with a glass electrode. Urinary bicarbonate was measured by a titration method (Scrib- 


ner & Caillouette, 1954), modified in that the titration end-point was the original urinary pH 
as measured by glass electrode. Blood and urinary citrate were measured by the McArdle (1955) 
modification of the pentabromacetone method. Plasma and urinary «-ketoglutarate were esti- 
mated by McArdle’s method (1957), slightly modified in that ascending chromatography, as 
used by de Groot, Deschepper & Vandenbroucke (1955), was adopted for isolation of the dinitro- 
phenylhydrazone. Creatinine and PAH were determined by standard methods. 

Analysis of blood and of kidney tissue. At the appropriate time in each experiment the animal 
was anaesthetized by ether. A laparotomy was performed, and when necessary the peritoneal 
cavity was washed with warm distilled water to remove any possibility of contamination of 
specimens by previously injected citrate. Blood was drawn from the inferior vena cava into 
a heparinized syringe. Blood pH was measured by glass electrode, and plasma bicarbonate by the 
titration method described above. A portion of whole blood was immediately deproteinized with 
10% trichloroacetic acid for citrate analysis. Each kidney was immediately excised and its pelvis 
opened. The kidneys were decapsulated and blood and urine were removed by blotting with — 
filter paper. They were then placed in a container at 0° C. The kidneys were weighed together and 
ground in a mortar with sand and 10% trichloroacetic acid. The homogenate was then filtered, 
washed with 10% trichloroacetic acid, and made up to volume for citrate analysis. The concentra- 
tion of citrate in kidney tissue was expressed as pmole/g wet tissue. 

Because of the large increases in urinary citrate after alkalinization the possibility of contamina- 
tion of kidney tissue by trapped tubular urine was investigated. The kidneys of four rats were 
examined 2 hr after injection of potassium bicarbonate (6 m-mole/kg body wt.) and of two rats 
l hr after injection of distilled water (40 ml./kg body wt.). The first kidney of each pair was 
analysed in the manner described above; The duplicate kidney was also blotted and decapsulated. 
The central third of the organ, which included the pelvis, papilla and inner part of the medulla, 

was cut away. The tissue citrate concentrations of the cut and uncut kidneys from the same 
animal were compared. This control experiment showed that removal of that part of the kidney 
which would be expected to contain concentrated urine did not appreciably affect the citrate 


concentration in the kidney tissue. 
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Experimental procedures 

Control citrate values. Control values of urinary citrate excretion were obtained by measurement 
of citrate output hourly for 4 hr after injection of distilled water 40 ml./kg body wt. It was found 
that citrate excretion was constant throughout the 4-hr period, and therefore collections from 
these and other similar control periods were used to establish a mean excretion. In some experi- 
ments, to reduce the error from biological variation, control values of urinary citrate were deter- 
mined for each individual rat during the first hour of the experiment after injection of distilled 
water 40 ml./kg body wt. Control values of renal tissue citrate were obtained by killing twelve 
rats at various intervals after injection of distilled water 40 ml./kg body wt. Kidney citrate 
values did not vary significantly with time after the injection, and therefore all values were used 
in calculation of the mean. 
_ Blood citrate concentrations fell about 10% during the first hour after injection of distilled 
water 40 ml./kg body wt., and thereafter remained stable for 3 hr. The control mean value of 
blood citrate was calculated from values obtained from nine rats killed between the first and third 
hours after water injection, since this was the interval of time relevant to experiments where 
changes in blood levels were of importance. 
Injections of KHCO, and NaHCO,. At zero time each rat was given an injection of 6 m-mote 
of either salt/kg body wt. dissolved in distilled water 60 ml./kg body wt. Specimens of urine 
were collected hourly for 5 hr. Animals were killed at intervals during this period and tissues and 
blood were analysed as described above. 
Injection of ammonium citrate. The ammonium salt was used in order to avoid the changes in 
acid-base balance that occur after injections of citric acid or of sodium citrate. Six rats were 
injected with distilled water 40 ml./kg body wt. and urine was collected for a control period of 1 hr. 
Each rat then received an injection of ammonium citrate 0-035 m-mole/kg body wt. dissolved 
in 1 ml. water. Urine was collected for an additional hour, after which the animals were killed 
for blood and kidney-tissue citrate analysis. Fourteen additional rats were treated in an identical 
manner except that no urine was collected. These animals were killed at 10, 30 and 40 min after 
injection of citrate. 
Injection of KCl. At zero time each rat received an injection of water 40 ml./kg body wt., and a 
control specimen of urine was collected for 1 hr. It was then given an injection of KCl, 6 m-mole/kg 
body wt., dissolved in distilled water 40 ml./kg body wt. Hourly specimens of urine were col- 
lected for 2 hr, after which the animal was killed and renal-tissue and blood citrate determined. 
10% CO, inhalation. Immediately after an injection of KHCO, 6 m-mole/kg body wt. in 
distilled water 60 ml./kg body wt., rats were placed in an atmosphere of 10% CO, in air. Urine 
was collected hourly for 2 hr. The animals were then anaesthetized by ether whilst still exposed 
to the CO,. Blood was obtained and its pH at 37° C was immediately determined. Blood and — 
kidney tissue was obtained for citrate analysis. 
Injection of acetazolamide. At zero time each rat received an injection of distilled water 40 ml. /kg 
body wt. Control specimens of urine were collected during the first hour, and then each animal — 
was injected with acetazolamide 50 mg/kg body wt. in 1 ml. distilled water. Urine was collected 
hourly for a further 3 hr, after which the animal was killed and the usual analyses performed. 
Injection of acetazolamide plus KHCO,. The above experiments were repeated except that the 
acetazolamide was injected in 60 ml./kg body wt. distilled water ene KHCO, 6 m-mole/kg 
body wt. 


RESULTS 

Injection of KH COs, as is shown in Fig. 1 and Table 1, always caused a large 
and prompt rise in urinary and kidney-tissue citrate with little or no rise in 
blood citrate. There was three- to fourfold increase in kidney tissue citrate, 
beginning within 15 min of the injection and reaching a maximum during the 
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second or third hour. After this there was a gradual decline in tissue citrate. 
Output of urinary citrate increased even more, being about ten times the 
control value during the first hour and sixteen times the control in the second 
hour. In contrast, blood citrate concentration increased only 12% above 
control values at most, and was frequently normal at times when urinary 
citrate was at a maximum. These results suggested that urinary citrate output 
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Fig. 1. Effect of injections of potassium bicarbonate and of ammonium citrate on blood and 
urinary citrate and on renal tissue citrate concentration in the rat. 


TaBLE l. Effect of KHCO, on citrate levels 


Period Urine 
of urine 
ion . Citrate No. of Creatinine No. of 
(hr) (umole/kg/hr) rats (mg/kg /hr) rats 
Control (1) 1-63+0:1 13 2-69 + 0-40 
17-90 +3-6 6 2-56+0-12 6 
1-2 26-05 6 2-61+0-28 6 
2-3 27-13 +4-74 6 2-83+0-14 6 
3-4 28-52+4-94 6 2-90 +0-13 6 
4-5 26-30 5 2-81 5 
Blood Kidn 
after injection Citrate (umole/ml.) No.ofrats Citrate (umole/g) No. of rats 
Control 0-0912 + 0-0034 9 0-227 + 0-056 12 
15 min 0-095 3 0-460 | 3 
30 min 0-0972 4 0-514+.0-044 6 
Lhr 0-0970 + 0-010 6 0-679 +-0-135 7 
15hr | 0-0998 + 0-010 6 0-737 +-0-082 6 
2Qhr 0-1027 4 0-805 + 0-110 8 
3-5 hr 0-097 3 0-698 3 
5 hr 0-103 3 0-482 3 


KHCO, 6 m-mole/kg body wt. was given at zero time; citrate and creatinine figures are given 
+58.D. 
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was more dependent on renal-tissue citrate than on blood citrate concentration. 
This view was confirmed by the experiments involving injection of ammonium 
citrate. 

Injection of ammonium citrate. Table 2 shows that injection of ammonium 
citrate caused a prompt rise in blood citrate concentration, the average in- 
crease being 66% of control values within the first 10 min. During the first 
hour after the injection blood citrate was 40-50% above control values. 
Renal tissue citrate and urinary citrate were not however appreciably changed. 
The accuracy of urine collection during these experiments is proved by the 
' fact that creatinine excretion was never more than 8%, different from the 
control value. The contrasting effects of potassium bicarbonate and of ammo- 
nium citrate injections are shown graphically in Fig. 1. 


TABLE 2. Effect of ammonium citrate on citrate levels 


Blood | Kidney 
Time _ Citrate No. Citrate No. 
(min) (ymole/ml.)  8.D. or range of rats (pmole/g) . 8.D. or range of rats 
Control 0-0912 +0-034 8 0-227 +0-056 12 
~ 10 0-152 0-143 — 0-167 5 0-213 0-185 — 0-246 5 
30 0-150 0-147 — 0-152 4 0-258 0-212 — 0-293 4 
40 0-141 0-135 — 0-146 5 0-242 0-198 — 0-280 5 
60 0-131 +0-037 6 0-234 +0-036 6 
Urine 
Citrate Creatinine 
Time ole/ of Change (mg/kg/ 
(min) 8.D. rats individual rat 8.D. rats indivi 
Control 1 +1-14 2-67 +1-20 


6 ~— 6 in 
0-60 1-95 +1-09 6 0-18+0-18 2-59 +1:17 6 0-15+0-09 
Ammonium citrate 0-035 m-mole/kg body wt. was given at zero time. 


Injection of KCl. The figures in Table 3 show that KCl caused a slight 
decrease in the output of urinary citrate. Blood citrate concentration was 
normal at the end of 2 hr, whilst kidney tissue citrate levels were either below 
normal or in the low normal range. 

Injections of NaHCO, caused similar changes to injections of KHCO,, but 
were slightly less potent. The mean output of urinary citrate during the first 
4 hr after injection was 18-0 umole/kg body wt./hr, whereas the mean excre- 
tion after KHCO, was 24-7 pmole/kg body wt. /hr. This indicated that alkalo- 
sis produced by the injected bicarbonate was of greater importance than the 
injected cation. This was confirmed by the experiments involving inhalation 
of CO,. 

Effect of 10% CO, on the response to injections of KHCO,. Table 4 shows 
that the increase in renal tissue and urinary citrate after administration of 
KHCO, is completely inhibited by exposure to 10% CO,, which produces a 
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respiratory acidosis. At the end of 2hr blood, urinary, and renal-tissue 
citrate concentrations were below normal values or were unchanged. The blood 
pH averaged 7-15 and the serum bicarbonate 39 m-equiv/l., changes due 
to a severe respiratory acidosis from the CO, combined with some metabolic 


alkalosis from the bicarbonate injection. - 
TaBLE 3. Effect of KCl on citrate levels 
Urine Blood Kidney 
‘Citrate No. No. 
Time (ymole/ of Citrate of Citrate of 


(hr) /hr) rats (umole/ml.) s.p. or range rats (umole/g) rats 


Control 150 +016 6 00912  +0-0034 12 0208 +0019 7 
12 110 +016 6 O-087 00740006 4 O194 +0011 6 


KCl 6 m-mole/kg body wt. was given at zero time. 


TaBE 4. Inhibition of KHCO, response by 10% CO, 


Blood Kidney 
Rats Rats 
Urine killed killed Plasma 


0-lhr 1-2hr citrate citrate HCO, 
Citrate (umole/ (umole/ (umole/ (m- 

kg/hr) ml.)  g) equiv/l.) pH 


O 40 ml. /kg 163 1-63 0-0085 0-238 244 7-35 
6 m-mole/kg (see Table 1) (179 26-05 01027 0805 270 — 

Rat 4 KHCO,6m-mole/kg+10%CO, 0-860 158 0092 0-217 380 714 
Rat BKHCO,6m-mole/kg+10%CO, 1:08 106 0-084 0174 400 7-18 


KHCO, 6 m-mole/kg body wt. was given at zero time, and rats A and B were then placed in 
an atmosphere of 10% CO, in air. 


Injection of acetazolamide. The output of urinary citrate during the first 
hour after an injection of acetazolamide 50 mg/kg body wt. was increased by 
37% above control values (Table 5). During the second hour it fell below 
control values, and was further decreased by 42°% below the control in the 
third hour. As ustally occurs after administering acetazolamide, the urine 
contained large amounts of bicarbonate throughout the whole of this period. 

Injection of acetazolamide and KHCO,. Table 6 shows that during the first 
hour after the simultaneous injection of KHCO, and acetazolamide urinary 
and renal-tissue citrate concentrations were greatly increased. The values — 
were similar to those after injection of KHCO, alone. However, the influence 
of acetazolamide was shown in the second hour, when the values fell almost 
to the normal range. With KHCO, alone the concentration of citrate would 
still be increasing during this period. 

Concentration of «-ketoglutarate. Table 7 shows that urinary «-ketoglutarate 
concentration varies similarly to that of citrate after the above experimental 


procedures. There was.a close correlation in the excretion of both these organic 
acids throughout. 
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TaBLeE 5. Effect of acetazolamide on citrate levels 
: Urine 
Citrate 
Period (umole/ No. of (m-equiv/ No. of 
(hr) kg/hr) 8.D. rats ) 8.D rats 
Control 1-93 +0-24 — 
0-1 2-65 +0-46 6 1-10 +0-1 6 
1-2 1-59 +0-22 6 0-96 +0-08 6 
2-3 1-05 +0-13 6 0-63 +0-06 6 
Kidney Blood Plasma 
HCO, 
Citrate No. Citrate No.  (m- No. 
(umole/ of (umole/ of equiv/ of 
g) s.D. rats ml.) 8.D. rats |.) 8.D. rats 
Control 0-227 +0056 12 00912 +400034 12 279 +063 6 


Killed at 3 hr 0-194 +0018 6 00880 400061 6 Wl 409 6 


Acetazolamide 50 mg/kg body wt. was given at zero time. 


TaBLE 6. Citrate response to acetazolamide 50 mg/kg +6 m-mole/kg KHCO, 


Urine Blood 
Time (umole/ (m-equiv/ Citrate 
(hr) Animal kg/hr) kg/hr) (wmole/ml.) 
1 A 13-0 1-4 — 
B 13-4 1-43 — 
C 12-9 13 0-096 
2 A 2-24 1-4 — 
B 1-64 1-52 0-080 
3 A 0-98 1-4 0-096 


Kidney 


Citrate 
(4@agle/g) 
0-475 
0-327 
0-172 


KHCO, 6 m-mole/kg body wt. and acetazolamide 50 mg/kg body wt. were given at zero time. 


7. Comparison of urinary citrate and in varying 


experimental conditions 

Urinary 
citrate 
Expt (umole/ 
no. Nature of experiment Kg/hr) 
1 5 control rats injected with water Ist hr 1-73 
40 ml. /kg 2nd hr 

2 Rat injected with NaHCO, 0-1 hr 9-3 

6 m-mole/kg | 2-3 hr 15-0 

3 Rat injected with KHCO, 0-1 hr 17-7 

6 m-mole/kg 3-4 hr 60°5 

4 Rat injected with KHCO, 0-1 hr 30-9 

6 m-mole/kg 4-5 hr 20-5 

5 Rat injected with KHCO, | 0-1 hr 13-4 

6 m-mole/kg 


Rat injected” with acetazolamide ]-2he 1-64 
50 mg/kg 


glutarate 
(umole kg hr) 

0-185 

0-190 


0-560 
0-600 
1-48 
5-85 
5-20 

2-93 
2-33 


0-151 
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DISCUSSION 


The experimental results suggest that urinary citrate output is closely related 
to the concentration of citrate within the renal tissue, and is less dependent 
on thé blood-citrate level. One hour after the injection of ammonium citrate 
the mean blood citrate concentration was 40-50% above control values and 
there was no rise in urinary citrate. Since the creatinine clearance, and there- 
fore the glomerular filtration rate, remained constant, there must have been 
a considerable rise of citrate filtered at the glomeruli. The recent experiments 
of Herrin & Lardinois (1958) in dogs support the conclusion that urinary 
citrate may be relatively unaffected by considerable change in the amount of 
citratein glomerular filtrate. They also showed that sodium bicarbonate 
increased urinary citrate clearance without any change in the amount of 
_ filtered citrate. To produce a rise in urinary citrate comparable to that caused 
by sodium bicarbonate the amount of citrate filtered at the glomeruli had 
to be increased to 2—4 times the normal. In our experiments involving injec- 
tion of ammonium citrate, a dose of 0-035 m-mole/kg body wt. was the 
maximum amount which was found to increase blood citrate without causing 
a similar rise in tissue and urinary citrate. Higher doses increased the blood 
levels to values comparable to those reported by Herrin & Lardinois (1958) 
and at the same time produced a rise both in renal-tissue citrate and in urinary 
citrate. With this higher dosage, therefore, it was impossible to say whether the 
citricuria was due to increase of citrate in the glomerular filtrate or to rise of 
renal-tissue citrate or to both factors. An increase in blood level of citrate is 
‘not followed by a comparable rise in tissue citrate. Similarly, Buffa & Peters 
(1949) found that a primary increase of tissue citrate in fluoracetate poisoning 
was associated with only a slight rise of blood levels. 

Vishwakarma & Lotspeich (1959) have shown that malate behaves jesilasty 
in the dog. They found that the clearance of malate increased after infusions 
of other organic acids of the Krebs’s cycle, from values considerably below the 
glomerular filtration rate to levels which must have involved tubular secretion 
of malate. The infusions were thought to cause an increase in renal-tissue 
malate concentration. All recorded clearances of citrate and «-ketoglutarate 
have, however, been lower than the glomerular filtration rate. Increase of 
renal-tissue citrate in alkalosis presumably impedes reabsorption of citrate 
from the tubular fluid, with a corresponding increase in citrate output and 
citrate clearance. | 

As previously discussed (Milne, Scribner & Crawford, 1958) the increase 
of citrate clearance in alkalosis is quite distinct from the rise of salicylate 
clearance (Gutman, Yu & Sirota, 1955; Macpherson, Milne, & Evans, 1955) 
and of indolylacetic acid clearance (M. D. Milne, M. A. Crawford, C. B. Girao 
and L. W. Loughridge, unpublished) in alkaline urine. These organic acids 
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diffuse in excess into alkaline urine and therefore the clearance is dependent 
on urinary pH, and not on systemic acid-base balance. Citrate and «-keto- 
glutarate are less diffusible across cell membranes, as their molecules contain 
many polar groups. Their excretion is dependent on systemic acid-base 
balance and not on urinary pH. Thus, after administration of acetazolamide, 
citrate and a-ketoglutarate excretion may be normal or reduced despite a 
highly alkaline urine. 

The fact that KHCO, and NaHCO, both increase citrate excretion, whereas 
KCl has little effect, shows that the injected cation is unimportant. Over- 
ventilation, which reduces plasma bicarbonate, increases citrate output 
(Evans et al. 1957). This shows that change in pH rather than in bicarbonate 
concentration is the primary stimulus to increased citrate output. Potassium 
depletion, which causes intracellular acidosis of the renal tubular cells (Ander- 
son & Mudge, 1955), reduces urinary citrate (Fourman & Robinson, 1953). 
The only single explanation of the effects of these varying stimuli is that 
citrate output is dependent on the intracellular pH of the renal tubular cells, 
acidity diminishing and alkalinity increasing the output of citrate. 

The dual effect of acetazolamide on the output of citrate shown in Table 5 
suggests that it may have a more complex action on intracellular pH. The 
early rise in citrate output indicates an intracellular alkalosis, presumably . 
due to reduced production of H+ within the cells from inhibition of carbonic 
anhydrase. The subsequent loss of bicarbonate in the urine leads to a total 
body acidosis, with reduced plasma pH and plasma bicarbonate and reduced 
output of citrate. After giving KHCO, (Table 6) the effect of acetazolamide 
was to reduce citrate excretion by preventing, particularly after the first hour, 
the increase produced by KHCO, alone. 

That the main and prolonged effect of acetazolamide is a reduction in 
citrate output is in accordance with the findings of Harrison (1954) in the rat 
and of Clarke, Evans, MacIntyre & Milne (1955) in man. Freeman & Jacobsen 
(1957) reported that in the dog acetazolamide caused a small increase in 


citrate excretion in the 4 hr period after its administration, which may be — 


paralleled by our finding (Table 5) of a small initial increase. In the experi- 
ments of Freeman & Jacobsen (1957) the animals were continuously infused 
with 1°% sodium carbonate, which would have major effects on acid-base 
balance, and therefore on citrate output. The infusion might well have pre- 
vented the production of acidosis from the acetazolamide, and may therefore 
have inhibited any fall of urinary citrate. Similar results were obtained in the 
present investigation when scotasolamide and KACO, were administered 


simultaneously. 


Frohman & Orten (1956) une given further evidence that citrate production 
in tissue is sensitive to pH changes. They found that the utilization of acetate 
by liver tissue from acidotic alloxan-diabetic rats was increased by administra- 
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tion of sodium bicarbonate. Simultaneously there was an increase of liver 
tissue citrate. Stern et al. (1952) found that the ‘condensing enzyme’ which 
produces citrate from oxaloacetic acid and acetyl-coenzyme A is extremely 
pH-sensitive in vitro, increased alkalinity being associated with a greater rate 
of citrate production. 
SUMMARY 

1. Factors influencing the rate of excretion of urinary citrate in the rat 
have been investigated. The response to intraperitoneal injections of sodium 
and potassium bicarbonate, acetazolamide, and ammonium citrate has been 
determined by measuring citrate in blood, kidney tissue and urine. 

' 2. Sodium and potassium bicarbonate increase renal-tissue and urinary 
citrate without any significant change in blood citrate. Small doses of ammo- 
nium citrate increase blood citrate, but have little effect on renal-tissue and 
urinary citrate. Acetazolamide first increases and then reduces urinary citrate 
output. Respiratory acidosis from breathing 10% CO, inhibits the rise of 
tissue and urinary citrate produced by bicarbonate injection. | 

3. The output of citrate in the urine is more dependent on the concentra- 
tion of citrate in renal tissue than on blood levels of citrate. Evidence is given 
that the concentration of citrate in renal tissue and the rate of citrate output 
in the urine are determined by the intracellular pH of the renal tubular cells, 
alkalosis increasing and acidosis decreasing the levels of citrate. 
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VASCULAR RESPONSES OF HUMAN SKIN 
TO INFRA-RED RADIATION | 


‘By G. W. CROCKFORD anp R. F. HELLON . 


“From the Medical Research Council Unit for Research on Climate and Working 


Efficiency, Department of Human Anatomy, University of Oxford 
(Received 3 July 1959) 


Radiant heat is a powerful vasodilating agent, not only producing a local 
dilatation, as is evident from common experience, but also, as Kerslake & 
Cooper (1950) showed, capable of producing a reflex dilatation in unheated 
regions with a latency of 10-15 sec. Although the reflex effects of infra-red 
radiation have received much attention and the afferent pathways have been in- 
vestigated (Cooper & Kerslake, 1953, 1955), its direct action on the circulation 
has apparently not been studied plethysmographically. This is probably because 
the standard water plethysmograph prevents infra-red rays reaching the skin. 

With the advent of the mercury-in-rubber strain-gauge plethysmograph 
(Whitney, 1953) a method for measuring blood flow in the peripheral circula- 
tion has become available which does not act as a barrier to radiant heat. 
Not only is it possible to irradiate the limbs but, because the strain gauge 
acts as a ‘segmental’ plethysmograph (cf. Clarke & Hellon, 1957), it is possible 
to subject one part of the arm or leg to infra-red radiation and follow the effects 
in it and a neighbouring shaded section. 

The object of this paper is to describe the local effects of infra-red ‘tiation 
on the peripheral circulation, chiefly of the forearm. 


METHODS 


The experiments were performed on healthy male subjects at a room temperature of 20-24° C. 
During the experiments the subject was seated with the forearm held at heart level by two sup- 
ports, one at the hand and one at the elbow, thus leaving most of the skin surface accessible to 
radiation. The infra-red sources consisted of three 75 W tungsten-filament lamps fitted with 
internal reflectors (Spotlights, Mazda) which were placed 22 cm from the nearest skin surface 
(unless stated otherwise) and arranged so as to illuminate the limb as evenly as possible all round. 
At this distance it was estimated that the skin was exposed to a radiant heat flux of about 
100 mW/ecm?. 

Strain-gauge plethysmographs (Whitney, 1953) were used to measure blood flow with a venous 
collection cuff on the upper arm placed as near the axilla as possible and an arterial cuff on the 
wrist. The positions of the gauges on the arm were constant for each series of experiments. 
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Similar arrangements were used to measure blood flow in the calf. In some experiments designed 
to determine if mixing of venous blood from one segment of the forearm with that of another 
segment was occurring, an additional arterial cuff was applied to the lower half of the forearm. 
Blood flow in the hand was measured with a water-filled plethysmograph maintained at 32° C 
and the volume changes were recorded electrically (Cooper & Kerslake, 1951). 

Subcutaneous temperatures were followed by using 40s.w.c. copper-constantan thermo- 
couples, inserted 24 hr beforehand to allow any local vascular reaction to subside. The skin 
thermocouples were passed through 1-1-5 cm of skin at a depth of about 1 mm in a manner 
similar to that described by Cooper & Kerslake (19555). 

When only the upper part of the forearm was irradiated, the remainder was shielded from the 
radiation by passing the arm through a cardboard screen placed half way between the olecranon 
and the styloid process of the ulna. Aluminium foil was used to seal the gap between the skin and 
the hole in the screen. Gauges were then placed 4 cm above the screen and 3 and 6 cm below it. 
In some experiments the screen was placed just below the elbow and three gauges placed 6, 9 and 
12 cm below it. When the screens were used in either position, the radiation from the lamps fell 
partly on the upper part of the forearm and also on the upper arm between the elLow and the 
venous occlusion cuff. In two experiments samples of blood were taken during irradiation, from 
a catheter placed in a deep vein of the forearm, and analysed for oxygen content (Mottram, 1955). 
Radiographs were taken after each experiment to confirm that the catheter was in a deep vein. 
A superficial forearm vein was catheterized in one additional experiment. 

It was not found necessary to shield the subject’s face from stray radiation. Preliminary 
experiments in ‘which all three lamps were placed directly in front of the face failed to produce 
any change in forearm blood flow. | 


RESULTS 
When the arm was heated by infra-red radiation, a vasodilatation occurred 


after a latent period of 1-5-2 min. Figure 1 shows typical responses in four 
subjects exposed to 10 min irradiation. After the latent period, there was a 


= 


Blood flow (mi./100 mi. arm/min) 


0 5 10 15 20 25 30 35 40 45 
Time (min) 


Fig. 1. Typical changes in forearm blood flow for four subjects during 10 min irradiation. Each 
point is the average of the four readings taken during that minute. The black rectangle 
indicates the period of irradiation. 


fairly steep rise in blood flow which tended to a binds towards the end of 
the period of irradiation. When the lamps were turned off there was a slow 
return towards the original level of blood flow which in some cases was not 


reached 35 min after the end of heating. In two similar experiments on the 
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calf the time relations of the vasodilatation were very similar to those observed 
in the forearm. 

Figure 2 illustrates the blood flow changes in both arms when one was 
radiantly heated and also in the hand when the forearm above it was 
irradiated. In neither of the unheated regions was there any vascular response 
which could be attributed to the irradiation. 
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Fig. 2. Blood flow changes (a) in the hand when the forearm above it was irradiated; (b) in an 
irradiated forearm (@) and the opposite unirradiated arm (©). Other conventions as in 
Fig. 1. 


To determine if the effect of the irradiation was completely local, or if its 
influence extended immediately outside the irradiated area, seven experiments 
were carried out on five subjects in which the upper half only of the forearm 
._was irradiated, the lower portion being protected by a screen. Blood flow 
was measured in both regions with gauges 4 cm above the screen and 3 and 6 cm 
below it. A marked dilatation occurred after the usual latent period below 
as well as above the screen, indicating that the effect was not confined to the 
heated area; Fig. 3 shows a typical result. If the screen was placed just below 
the elbow with gauges 6, 9 and 12 cm below it, synchronous increases in blood 
flow were shown by all the gauges when the arm above the screen was 
irradiated. An example of such an experiment is given in Fig. 4. 

In an attempt to induce the vasodilatation in the heated area before that 
in the distal region, four experiments were done with the lamps only 12 cm 
from the skin. This was the shortest distance at which pain was avoided. 
The dilatation now began 50-60 sec after switching on the lamps, but both 
heated and unheated ‘Tegions still reacted simultaneously. © 
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Fig. 3. Blood flow changes in the forearm shown by strain-gauges 3 cm (@) and 6 cm (A) distal 
to a transverse screen placed at the mid point of the forearm and by a gauge (/\) 4 cm above 
it. Radiation fell on the proximal part of the forearm and on the lower part of the upper arm. 
Subcutaneous temperature (©) was measured 1-5 cm below,the screen. Other{conventions 
as in Fig. 1. . 


Forearm blood flow (ml./100 mi. arm/min) 
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Time (min) 
to a transverse screen at the elbow when the upper arm was irradiated. Other conventions 


as in Fig. 1. 
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Although the distal half of the forearm was effectively protected from. 


radiation, there was the possibility of heat being conducted along the arm 
and so causing the dilatation in the distal half. Further experiments were 
therefore done in which the skin temperature was taken with a subcutaneous 
thermocouple inserted 1-5 cm below the screen, i.e. between the screen and 
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Fig. 5. Changes in blood flow in four subjects shown by a strain gauge on the upper half of the 
forearm when this area was irradiated. A cuff on the lower half of the forearm was inflated 
to 200 mm Hg at 15 min. Two experiments are shown in three of the subjects. Other conven- 


tions as in Fig. 1. 
the first gauge below it. A slow rise in temperature was indicated by this 
thermocouple after the lamps were turned on (Fig. 3) but the total increase 
was only 0-6° C and could be attributed to the increase in blood flow. 

To determine if the lower portion of the forearm was acting as an additional 
venous reservoir during venous collection for the increased blood supply 
to the heated part of the arm, an arterial cuff was placed round the unheated 
region with its upper border at the level of the screen. Experiments of this 
type on four subjects are shown in Fig. 5. There was a transient disturbance 
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of blood flow lasting for about 1 min, after which the level of flow continued 
with the same trend as before the cuff was inflated. 

Figure 6 shows the changes in subcutaneous temperature of the forearm 
during periods of irradiation with the circulation to the arm free and arrested. 
The same thermocouple was used on both occasions. During the period of 
irradiation the rise of temperature was identical for the first minute with and 
without arterial occlusion. Beyond this time there was a marked difference 
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Fig. 6. Forearm blood flow (A), and changes in subcutaneous temperature in an unoccluded arm 
(©) compared with temperature changes in an occluded arm (@). Radiation fell on the 

whole forearm. Other conventions as in Fig. 1. 


TaBLE 1. Changes in O, content (% saturation) of blood draining forearm veins during infra-red 
| heating for 10 min 
After heating After heating 10 min after 
Before heating for 5 min for 10 min heating 


Deep vein 69 69 69 76 
57 57 61 59 
Superficial vein 17 — 97 97 


in the rates of rise: where the circulation was allowed to increase there was a 
tapid reduction in the rate of rise which coincided with the increase in blood 
flow; where the circulation was arrested the temperature continued to rise 
steeply for 7 min, when the experiment was stopped because of pain. 

The results of three experiments, in which the 0, content of blood from 
forearm veins was measured, are shown in Table 1. On the two occasions 
when veins draining deep tissues were sampled there was no change in the O, 
content as a result of the irradiation. Blood from a superficial vein was found 
to possess almost an arterial content of oxygen during and after irradiation. 
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DISCUSSION 


Interpretation of many of the foregoing experiments depends on the assump- 
tion that the strain gauge measures the blood flow in that segment of the arm = 
around which it is placed and that there is no additional accumulation or loss 
of blood in that segment from or to other segments. It might be appropriate 
therefore if this point is discussed first. 

Clarke & Hellon (1957) presented evidence in favour of this assumption 
and showed that the rate of venous collection at a particular level is apparently 
equal to the arterial inflow at that level. Further evidence is provided by the 
present experiments (Fig. 5) in which any distal movement of blood during 
venous collection was prevented. No permanent change in blood flow to a new 
level could be demonstrated after the initial disturbance produced by inflation 
of the cuff. This indicates that the increased inflow into the distal half of the 
forearm, induced by warming: the upper half; was due entirely to additional 
arterial inflow to that section of the arm and not to any venous blood coming 
from the proximal segment, which, on application of the cuff, would have 
produced an apparent increase in collection rate in the upper segment. 
Additional evidence of the localized nature of the increase in cutaneous blood 
circulation is supplied by experiments (Crockford, Hellon & Parkhouse, 
unpublished) carried out under cold conditions (10—-12° C), in which the dilata- 
tion was confined to the heated part of the forearm and could not be detected 
distal to the screen. 

Clearly, the skin circulation in the forearm was increased in response to the ~ 
irradiation, but previously there had been no evidence as to whether the muscle 
vessels were also participating. The measurements of deep venous oxygen content 
make it unlikely that the muscle vessels are involved to any important extent. | 

Kerslake & Cooper (1950) suggest that ‘the application of a comfortably ) 
| | warm stimulus to a relatively large skin area produces nervous reflex vaso- 
. | | dilatation in the hand more readily than does strong heating of a small skin 

| 

| 


area’. This is borne out by the present results in which the arm does not appear 
to provide a sufficiently large area to elicit a reflex dilatation in other regions 
of the body, including the hand of the same arm. However, in the arm itself 
| a change in blood flow can be demonstrated in one part of it ifthe other part. } 
i is radiantly heated. This response differs from the reflex described by Kerslake 

' . & Cooper (1950) in that, although the dilatation appears in the unirradiated 
q and the irradiated areas, the response in both areas has a latency of 1-2 min. 
=. This latency also points to a difference between the response to local heating 
and to indirect heating as described by Lewis & Pickering (1931) when at least 
qW 10 min of heating was required and a rise in deep body temperature was 

necessary (Pickering, 1932). 

Lipkin & Hardy (1954) using different experimental techniques showed that 
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the temperature changes outside an irradiated area were the same with the 
blood flow intact and occluded, and from this inferred that there was little 
or no change in the cutaneous vascular bed outside the irradiated area. The 
experimental work reported above (Fig. 3), however, shows that the blood 
flow outside the irradiated area can be influenced by radiation falling on an 
adjoining area. The difference in results is almost certainly due to differing 
experimental technique, since Lipkin & Hardy were deducing changes in skin 
circulation from skin temperature changes. 

It was suggested by Cooper & Kerslake (1953) that somatic nerves associated 
with cutaneous blood vessels might provide the afferent pathways for the 
reflex dilatation of hand and forearm cutaneous vessels in response to heating 
the legs. Since the cutaneous vessels in the calf and forearm apparently 
do not respond to radiant heat within the range of intensities used here for 
at least 50-60 sec, it seems urilikely that the postulated somatic fibres are 
involved in the afferent side of reflex response to radiation. 

The results of experiments with subcutaneous thermocouples below the 


- screen seem to rule out any effects due to heat conduction distally along the 


arm. The simultaneously timed responses of irradiated and unirradiated areas 
in the forearm indicate that the vessels of both regions are co-ordinated in 
some way. The inference is, therefore, that the connexion between the two 
areas is probably by a neural mechanism which may involve the central ner- 
vous system, or may be a simple axon reflex or a spread of excitation through 
the fibres ending in relation to the cutaneous vessels (Weddell & Pallie, 1954). 
Since the vasodilatation always occurred simultaneously in the heated and 
unheated regions of skin it seems possible that a nervous mechanism may also 
be concerned in the initiation of the response in the heated area. | 


SUMMARY | 
1. Exposure of the forearm or calf to infra-red radiation causes a vaso- 
dilatation after a latent period of 1-2 min. The dilatation i is prolonged for at 


least 30 min after the irradiation ceases. 


2. Evidence is presented to show that this vieeililatation:! is confined to the 
skin vessels, 

3. When the whole surface of the forearm is irradiated there is no circulatory 
change in the hand on the same side or in the opposite forearm. 

4. If only the proximal part of the forearm is irradiated, there is a con- 
current vasodilatation in the distal part and this extension of the response 
can be observed as far as 12 cm from the nearest irradiated skin. 

5. It.is suggested that a neural mechanism is responsible for the spread of 
the dilatation to unheated parts of the same limb. 

6. Additional evidence is given that venous collection in a limb is localized 
to the same region as the corresponding arterial inflow. 
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THE EFFECT OF CONCENTRATIONS OF AMINO ACIDS ON 
THEIR RATE OF ABSORPTION FROM THE INTESTINE © 


By E. LESLY JERVIS ann D. H. SMYTH 
From the Department of Physiology, Unwwersity of Sheffield | 


WITH AN APPENDIX BY M. Davizs AND G. H. Jowett 
From the Department of Statistics, University of Sheffield 


(Received 8 July 1959) 


The relation between the rate of absorption of a substance from the intestine 
and its concentration has frequently been used as a criterion of the process 
involved in absorption. Hober & Hober (1937), Lathe (1943) and others have 
concluded that the rate of absorption of amino acids is not proportional to the 
concentration in the intestine, and regarded this as evidence of the presence of 
an active process concerned with absorption. Hetenyi & Winter (1952) found 
that the rate of absorption of glycine, histidine and f-alanine was not pro- 
portional to concentration, while in the case of proline there was a straight- 
line relationship. The following experiments were undertaken to study more 
carefully the relationship between the rate of absorption and concentration of 
amino acids, and furthermore the p- and L-enantiomorphs of different amino 
acids were compared. A preliminary account, has been a by Jervis & 
Smyth (19595). 
METHODS 


Albino rats were anaesthetized with pentobarbitone sodium and the procedure for study of 


absorption was that described by Jervis, Johnson, Sheff & Smyth (1956). By this technique it is 
possible to measure both the rate of absorption and also the concentration of the substance in the 
lumen of the intestine. The amino acids, neutralized by addition of NaOH, were dissolved in 
NaCl solution 0-9% (w/v) and circulated through the lumen of the intestine for 20 min. At the 
end of this period the amount remaining in the intestine was washed out and estimated, and from 
this and that initially added the amount absorbed was calculated. 

Chemicals. The amino acids used were D- and L-methionine and histidine and were obtained 
commercially. Histidine was estimated by the method of Macpherson (1946) and methionine by 
the method of McCarthy & Sullivan (1941). Urea was éstimated by the microdiffusion method of 
Conway, as described by Hawk, Oser & Summerson (1947). 
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RESULTS 
Relation between concentration and rate of absorption 


The results of these experiments are summarized in Figs. 1 and 2, which show 
the relation between the initial concentration of various enantiomorphs and 
the amounts absorbed. From these results it is clear that in the case of all 


four amino acids the rate of absorption is not proportional to the concen- 


tration, and at higher concentrations increase in rate fails to keep pace with 
the increase in the concentration. In the case of t-histidine, D-histidine and 
p-methionine the rate has not reached a maximum value at the highest 
concentration used. In the case of t-methionine it would appear that the 
mechanism is already saturated at 50 mm, and in fact the average rate of 
absorption is somewhat smaller at 100mm than at 50 mm, although not 
significantly so. 

In order to investigate further the significance of these results, similar 
experiments were done with urea, which might be supposed to move by 
diffusion only. The results of these experiments are seen in Fig. 3. This presents 
a very different type of picture, there being a direct relationship between the 
average values for concentrations and the rate of absorption. The regression 
line cuts the abscissa not at zero but at a concentration of about 9-86 mm 
(59 mg urea/100 ml.), and the probable reason for this is the presence of urea 
in the blood. Spector (1956) gives a value of 19-35 mg/100 ml. for the concen- 
tration of urea in rats’ blood, but when the animal is absorbing urea the con- 
centration is probably higher than this. Too much attention need not be given 
to the exact point where the regression line cuts the abscissa, as we have 
measured the initial concentration of urea instead of the average concentra- 
tion during the experimental period. Similar curves for urea have been 
obtained by Lathe (1943) in experiments on Thiry-Vella loops in dogs and by 
Hetenyi & Winter (1952) for rats. These results strongly suggest that both 1- 
and D-enantiomorphs of histidine and methionine are absorbed by a process 
which is not explained by simple diffusion. 


Michaelis—Menten kinetics 

The usual concept of active transport involves combination of the substance 
transported with some other substance which may be a carrier or possibly an 
enzyme involved in the formation of the carrier. If this process is the rate- 
limiting factor then the relation between the rate of absorption and concen- 
tration might be expected to conform with the scheme of kinetiés discussed by 
Michaelis & Menten (1913). Without defining the physical significance of the 
results obtained, it seemed profitable to inquire in the first place whether the 
relation between the rate of absorption and concentration of the amino acids 
studied fits in with the Michaelis-Menten scheme. Investigations of this sort — 
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have been made on intestinal absorption of glucose by Fisher & Parsons (1953) 
and Ricklis & Quastel (1958), and for phosphate by McHardy & Parsons 
(1956). In attempts to apply these kinetics a number of approximations must | 
be made. The rate of absorption must be measured over a reasonable time, in | <q 
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Fig. 1. Rate of absorption of t-methionine (O) and D-methionine (@) frora the intestine of the 
rat at various initial concentrations. The lines have been drawn to join the average rates 
at each concentration. 
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Initial concentration (mM) 


Vig. 2. Rate of absorption of t-histidine (©) and p-histidine (@) from the intestine of the rat at 
various initial concentrations. The lines have been drawn to join the average rates at each 
concentration. 
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the present case 20 min, so that in fact figures for an average rate must be 
taken. The concentration used may either be the average concentration or the 
initial concentration. While the present method of investigation would permit 
a final sample to be taken and hence an average of initial and final concentra- 
tion to be obtained, this was not done in the present series because the taking 
of an extra sample would reduce the accuracy of estimating the total amount 
of substance absorbed. The initial concentration is therefore used. Fisher & 
Parsons (1953) have considered the implications of using the initial concen- 
tration and the average rate in the Michaelis-Menten equation, and have 


Amount absorbed (umoles/20 min) 


100 


Initial concentration (mM) 


Fig. 3. Rate of absorption of urea from the intestine of the rat at various initial concentraticns. The 
straight line is the regression line (y = 4-362 — 42-99) calculated from the experimental data. 


concluded that a similar relationship will exist between these as exists between 
the average concentration and average rate, although the constants will have 
different values. The most convenient method of applying Michaelis-Menten 
kinetics is to write the equation in the form used by Lineweaver & Burk (1934). 


where v = rate of absorption, V = the maximum rate of absorption at 
infinite concentration, S = concentration and x = Michaelis constant. 
Figure 4 shows the Lineweaver—Burk plot for L- and p-methionine. For 
_ simplicity of presentation only the average values are shown, but a summary 
of statistical data is given in Table 1. The regression lines drawn in Fig. 4 are 
calculated from the weighted regression analysis described in the appendix. 
Similar plots were made for the histidine enantiomorphs. These are not 
reproduced here, but the statistical data are included in Table 1. Tests for 
curvilinearity were applied to the Lineweaver—Burk plots for all four 
enantiomorphs and in all cases there was no evidence that a straight line was 
not the best fit for the experimental points. There is thus reason to believe 
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that the kinetics of absorption in the case of all four amino acids approximate 
to the Michaelis-Menten relationship. It is also seen from Table 1 that the 
Michaelis constant for L-methionine was lower than the constant for any other 
amino acid and differed significantly from the constant for t-histidine and 
p-methionine. It did not differ significantly from the values for p-histidine, 


1/Rate of absorption (zmoles/20 min) 
T 


1/Concentration (mm) 
Fig. 4. Lineweaver-Burk plots for L-methionine (©) and p-methionine (@). The ordinate is the 


of the concentration expressed as mM. 


TaBLE 1. Statistical data on the Lineweaver—Burk plots for the four amino acids studied. For 
meaning of the symbols used in the table see appendix. In calculating the values of a and b 
the concentrations were expressed as mm and the rates of absorption as pmoles/20 min 


L-methionine D-methionine L-histidine p-histidine 
ato, 0-00616+.0-00023 0-00787+40-00061 0-00338-0-00124 0-013264-0-00162 
bio, 0-0341 40-0033 0-140 +40-023  0-0588 +0-0041 0-147 +0-026 
(5-20) 01048 40-0189 0-030234.0-01032 0-02481+4.0-00457 0-05229+4.0-01929 
Estimated value 9-55 40-3 
of k (Michaelis : 
constant; mM) 

95% confidence 7-0-14-9 19-7-104-3 29-5-63-8 11-0-72-9 
limits of k (mM) 


probably because of the lack of precision in determining this last value. The 
Michaelis constant for p-methionine and p- and t-histidine did not differ 
significantly from each other. It will be noted that the variability in k values 
was much greater in the experiments with the a as is shown by 
the wide range of 95%, confidence limits. 
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DISCUSSION 
The results indicate fairly clearly that the rate of disappearance of D- and 


_y-methionine and histidine from the intestine is not proportional to the initial 


concentration, and they are thus in agreement with the views of Hober & 
Hober (1937), Lathe (1943) and Hetenyi & Winter (1952). Hetenyi & Winter 
(1952) did not state whether the histidine used was a racemic mixture, or the 
L-enantiomorph, but in either case the results would agree with our own. As 
regards L-histidine Gibson & Wiseman (1951) thought that the amount 


absorbed was roughly proportional to the amount administered. In this case, 


however, the experimental conditions were so different from our own that 
comparisons are very difficult. The higher concentrations used by Gibson & 
Wiseman were strongly hypertonic and might affect the water absorption with 
subsequent alteration in the distension of the intestine which could well alter 
the absorbing surface. In the present experiments the conditions of the 
intestine were probably more constant for the different concentrations applied. 
Furthermore, the results with urea suggest that our technique was such as to 
demonstrate a straight-line relationship between the rate of absorption and 
concentration, if such existed. The conclusion can therefore be drawn with 
some confidence that the rate of absorption of urea probably depends on its 
rate of diffusion through some part of the intestinal barrier, whereas this is 
not the case for amino acids. 

The rate-limiting process in the case of amino acids is one which has kinetics 
approximating to the Michaelis-Menten scheme. This, however, as Fisher & 
Parsons (1953) have pointed out, does not prove that either a carrier mechanism 
or even an enzyme system is involved, although it would be consistent with 
these hypotheses. While the application of Michaelis-Menten kinetics would 
appear to be a logical stage in investigating the rate of any process such as 
intestinal absorption,, we agree with Fisher & Parsons that unjustifiable 
conclusions can too easily be drawn from the finding that the — rate 


_ fits in with a scheme of this kind. 


Nevertheless, the values obtained for the Michaelis constant are of interest 
and particularly the low value for L-methionine, suggesting a relatively high 
affinity of L-methionine for the transport mechanism. Wiseman (1955) found 
that L-methionine could compete successfully with t-histidine in vitro for the 
transport mechanism. Agar, Hird & Sidhu (1956) demonstrated the same 
effect in vivo, and Jervis & Smyth (1959a) found that L-methionine could 


_ compete successfully in vivo with L-histidine and p-histidine for intestinal 


absorption. All these results are consistent with the low constant for L- 
methionine obtained in the present experiments. The values of k for L- and 
D-histidine and p-methionine do not differ significantly from each other, and 


no conclusions could be drawn about their relative affinities for the transport 
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mechanism. The wide range of confidence limits in these cases draws attention 
to the need for more rigorous statistical investigation of the significance of k 
values in intestinal-absorption studies, where in general there is bound to be 
considerable lack of precision in the methods used. In their work on phosphate 
absorption McHardy & Parsons (1956) did state that the value of 1/k did not 


differ significantly from zero, but in the other studies referred to, k values were 


given without indication of the range of error. We would therefore stress that 
some caution is necessary in accepting k values without information on the 
statistical significance of the results. 

When this work was started it was thought likely that the absorption of 
p-amino acids might be explained by a diffusion process only, while this 
would probably not be the case for L-amino acids, and from this point of view 
the results with pD-amino acids were unexpected. More recently, however, 
other evidence on competition between D- and L-enantiomorphs (Jervis & 
Smyth, 1959a) has made us think that probably absorption of p-amino acids 
is more complex than we had previously thought and the present results 
confirm this view. The fact that there is preference for absorption of L-amino 


acids certainly suggests that an enzymic process is concerned at least in the 


absorption of L-amino acids. It seems likely that there is also a stage common 
to both L- and D-amino acids which shows kinetics approximating to the 
Michaelis-Menten scheme and probably it is at this stage that competition 
between the p- and L- forms takes place. 

Jacobs & Hillman (1958) have recently studied absorption of D- and L- 
methionine in the rat by a procedure somewhat similar to our own, and have 
found that the two enantiomorphs were absorbed at about the same rate. The 
results presented here do not agree with this, but are in general agreement with 


those of Gibson & Wiseman (1951) and Wiseman (1953). Jacobs & Hillman 


(1958) used only a small part of the jejunum, and whether this is the reason 
for the discrepancy in the results is not certain. They did, however, find that 
the absorption of both p- and t-methionine was inhibited by deoxypyridoxine 
and this is in keeping with our conclusions that the movement of both isomers 
involves processes other than diffusion. 


APPENDIX 
By M. Davies G. H. Jowett 


Defining 2=1/8, y= 1/2, (2) 
the regression line of y on x was identified with the relation (1) (p. 436), it 
being assumed that errors due to experimental technique and variation of 
biological material affected absorption only. It was clear that the variation 
in y tended to increase with z, to a degree which made the use of weighted 
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regression analysis necessary in the cases of p- and L-histidine and D-methio- 
nine, weighting coefficients being proportional to the inverse square of the — 
smoothed standard deviation of values of y for different values of & in ac- 
cordance with the usual statistical practice. 

The — regression relationship may be expressed in the form 


average y = (3) 
where f is the slope of the line, and « its height at the arbitrary value x = 2, 
which is usually chosen independently for each set of data to which (3) is 


fitted in such a way as to secure that the estimates a of « and 6 of 8 provided 
by the data are statistically independent. Comparing (3) with (1), we obtain 


« = (4) 
so that from any particular set of data the estimate k of « can be taken as 
k = ([a/b]—2)~. (5) 


Since the proportionate error of the quantity in the bracket in (5) is not 


always small in the four cases examined, confidence limits for « are best 


deduced as + Where 


_ The test of curvilinearity mentioned in the Results section above consisted 
of testing the significance of the regression coefficient of inverse absorption y 
on a second-degrees polynomial orthogonal to the straight regression line 
(cf. R. A. Fisher, 1954). In none of the four cases was the 5% level of signifi- 
cance attained, showing that the data were all compatible with the assumption 
of a straight-line regression law. 


SUMMARY 


1, A study has been made of the relation between the rate of intestinal 
absorption of the p- and L-enantiomorphs of methionine and histidine, and 
their concentration in the lumen of the intestine. — 

2. It was found that in all cases the rate of absorption was not. proportional 
to initial concentration, these showing a relationship which corresponded 
approximately to Michaelis—Menten kinetics. 

3. It is suggested that 1-methionine has a greater affinity for the transport 
mechanism than the other amino acids studied. | 


4. A statistical appendix gives a method for estimating the reliability of 


_ the Michaelis constant as determined in these conditions. 


We are indebted to Mr I. Thorneycroft for technical assistance. The expenses of the work were 
defrayed by grants from the Medical Research Council and from John Wyeth and Brother Ltd. 
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THE SEPARATE RELEASE OF OXYTOCIN 
AND ANTIDIURETIC HORMONE 


By G. W. THEOBALD 
From the St Iuke’s Maternity Hospital, Bradford 


(Received 6 February 1959) 


The pressor activity of posterior pituitary extract, was reported by 
Oliver & Schafer in 1895, its oxytocic activity by Dale in 1906, and its 
antidiuretic activity by von Konschegg & Schuster in 1915. Molitor & 
Pick (1924, 1926) affirmed that its antidiuretic activity was caused more 
effectively by injecting it intrathecally rather than intravenously, Cushing 
(1933) that pituitary basophilism caused hypertension, and Anselmino 
& Hoffmann (1931), that ultrafiltrates from the blood of eclamptic women 
contained what they claimed to be excessive amounts of posterior pituitary 
substance. 

Theobald (1934a, b) found that minimal inhibition of the diuretic 
_ response of the dog to 250 ml., of man to 11. and of pregnant women 
near term to 500 ml. of water was effected by the intravenous injection 
of the antidiuretic hormone (ADH) normally associated in the commercial 
preparation used with from 0-0005 to 0-01 of an oxytocin unit. Impressed 
by the fact that such consistent antidiuretic effects were caused by a com- 
mercial preparation standardized for its oxytocic content, he conjectured 
(Theobald, 1936a) that menstruation, ovulation, pregnancy and parturi- 
tion were controlled by a centre or centres in the hypothalamus probably 
situated in ‘two cell masses, named the paraventricularis and the supra- 
opticus’. He thought that labour might be instituted and delivery effected 
by an amount of oxytocin in the blood of the same order as that of ADH 
which caused antidiuresis, and calculated that it would be necessary to 
deliver intravenously from 1 to 5 m-u./min of a commercial preparation of 
oxytocin. 

A wide range of stimuli can cause simultaneous release of both oxytocin 
and ADH, and it is generally held that the former is invariably secreted 
in greater amounts than the latter, the reported ratios varying from 
4:1 to 100:1; but there is no accepted evidence of their separate release 
(Haterius & Ferguson, 1938; Haterius, 1940; Ferguson 1941; Harris, 
1947, 1948; Peeters & Coussens, 1950; Cross, 1951; Kalliala & Karvonen, 
1951; Andersson, 1951; Kalliala, Karvonen & Leppinen, 1952; Abrahams 


& Pickford, 1954). 
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The exquisite sensitivity of the human myometrium to oxytocin which 
must be attained before labour can occur (Theobald, 1958) makes it 
reasonable to conclude that uterine activity provoked in the non-pregnant 
state by large amounts of this hormone may be no more physiological 
than the rise in blood pressure caused by pharmacological amounts of 
ADH. It follows that theoretically the best time to determine whether 
oxytocin can be released independently of ADH is during the relatively 


short period when the myometrium is peculiarly sensitive to oxytocin. — 


Investigations during or immediately before labour, however, are worth- 
less for several reasons, and particularly because on the one hand uterine 
contractions are provoked as easily by ADH as by oxytocin, and on the 
other the anxiety, pain, and work associated with parturition can in and 
of themselves cause ADH release. Fortunately the early puerperium is 
an eminently suitable time for this purpose. Suckling is indubitably a 
physiological act and the myometrium retains a high, albeit Gocressing, 
sensitivity to oxytocin during the first week of the puerperium. 

The purpose of this paper isto report clinical investigations devised 
to determine whether both oxytocin and ADH can be released separately 
and independently by the neurohypophysis. The evidence adduced is 
dependent on the prior determination of a concentration of oxytocin in 
the blood which institutes labour and effects delivery in man. 


METHODS 


All the uterine tracings shown were made with Smyth’s guard-ring tokodynamometer. 
Those in Figs. 1 and 2, and the lower ones in Fig. 3 were from the abdominal wall, whereas 
the others were from a balloon, holding about 6 ml. of water, which was introduced into 
the uterus at least an hour before the investigation was started: It was held in position 
by strapping the connecting tube to a volsellum attached to the anterior lip of the cervix. 
Tracings of uterine activity were obtained for at least 1 hr before any test was commenced. 
On two occasions the introduction of the balloon was associated with frequent uterine con- 
tractions which persisted for several hours and made any experiment impossible, The intra- 
venous infusion of adrenaline 10ug/min failed to stop these contractions but the intravenous 
infusion of Pitressin (vasopressin; Parke, Davis) 4m-u./min did (Fig. 5B). ADH appeared 
to decrease the sensitivity of the se etiaoe to oxytocin, as also did the infusion of 
hypertonic NaCl (Fig. 4). 

On a few occasions a second balloon was introduced into the rectum or lower sigmoid 
colon. It may be stated here that neither suckling nor the intravenous infusion of physio- 
_ logical amounts of either oxytocin or Pitressin appeared to disturb the rhythm of the rela- 


tively rapid peristaltic movements, but insufficient observations were made to justify any 


conclusions. 

Water diuresis, The subject was encouraged to drink freely before the test. A rubber 
catheter (Foley’s) was inserted into the bladder either before or at the same time that the 
balloon was introduced into the uterus. The catheter was held in place by a small rubber 
bag distended with water which was kept as close to the internal urethral orifice as possible. 
The hydrating dose was 500 ml. of water and the bladder was emptied immediately after 
it was given. The urine was collected every 5 min. The end of the catheter dangled into 
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a kidney dish which was kept close to the subject’s thigh, and was kept open until the exact 
time of collection. The catheter was temporarily clamped while the urine was being mea- 
sured. So soon as the kidney dish was replaced the clamp was removed. Each quarter of 
an hour the subject drank the same quantity of water that she had voided as urine during 
the preceding 15 min. This was found to be the most satisfactory method for use in the 


Section 1 (a) 
A B 
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F H B.P. 
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Section 2 
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Fig. 1. Varying sensitivity of human uterus to Syntocinon, Pitocin and Pitressin. 
Tracing from fundus of uterus, time intervals 2} min. Section 1(a), at term; at A 
and B, 10m-u. Syntocinon, and at C, 20 m-u. Pitressin was injected intravenously. 
Section 1(b) 2hr later; at D, 10m-u. and at HZ and F, 100m-u, Syntocinon 
was injected intravenously. Section }(c) 1 hr later; at G, 1000 m-u. and at H,. 
2000 m-u. Pitressin was injected intravenously. B.P. = B.P. 110/80 mm Hg. 
Section 2, at 30 weeks; at A and B, 1000 m-u. Pitocin, and at C, 5000 m-u. 
Pitocin was injected intravenously. 


The Drip. A standard ‘giving’ set, containing 540 ml. of 5% glucose in distilled water, 
was used; it connected to a small vein in the wrist by means of a No. 2 hypodermic needle. 
Oxytocin and other substances being investigated were either added to the bottle or injected 
into the rubber tubing close to the needle in the vein while the drip was temporarily stopped. 
When a fresh concentration, or a new substance, was added to the bottle, the rubber tubing 


of the giving set was disconnected from the needle, and about 20 ml. of the fluid allowed 


to escape and clear the dead spaces before it was again connected. Although the rate of 
flow could be kept fairly constant at either 16 drops (1 ml.) or 32 drops (2 ml.) a minute 
there was inevitably some variation in it. The required dilutions were made by using small 
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0 5 10 15 20 
Minutes 
Fig. 2. Effect of Pitocin on uterus whose contractions had been inhibited (A) or 
had stopped spontaneously (B). Tracings from fundus of uterus, time intervals 
5 min. (A) Primigravida, who had had incoordinate, ineffective, painful contrac- 
tions for 2 days without sleep. Her cervix was two fingers dilated. At DL her 
iliohypogastric and ilio-inguinal nerves were infiltrated with Xylocaine. Uterine 
contractions subsequently stopped. An hour later, at P, a drip delivering Pitocin 
0-2 m-u./min was started and the subsequent uterine contractions were effective. 
B. Primigravida, aet. 17, laboured satisfactorily until her cervix became three- 
quarters dilated and then went out of labour for several hours. At P a drip 
delivering Pitocin 0-25 m-u./min was started and spontaneous oe occurred 


3 hr later. 


Section 1 Section 2 Section 3 
A 


Minutes Minutes 


Fig. 3. Pitressin in the induction of labour. The subject was a gravida-5, act. 35, 
at term. Amniotomy was performed at 10.00 hr, when a 5% glucose drip was 
started. The upper tracings were obtained indirectly from the lower uterine 
segment, and the lower simultaneously from the fundus; time intervals 2} min. 
Section 1; at A, 100m-u: Pitressin was injected intravenously. Section 2; at 
B, a drip delivering Pitressin 2m-u./min was started. Section 3; 1 hr later, 
showing increase in tone, particularly of lower segment. 
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screw-top bottles containing 9 and 9-5 ml. of sterile 5% glucose solution, accurately mea- 
sured in the pharmacy. By using a tuberculin syringe it was easy to make the required 
dilutions in the ward. In the early experiments the drip was set up when the catheter was 
inserted, but it made suckling difficult. More recently it was not started until the baby 
had been finally removed from the ward. 

The baby. The original practice was to bring in the baby when the urine output had 
become stabilized, and put him to the breast forthwith. During recent months the baby 
was brought in and given to the mother to fondle for some time before suckling was com- 
menced. The possible effects of emotion on water diuresis were thereby lessened. The baby 
was weighed immediately before and after being put to each breast. __ 

Anaesthetizing the nipple. It was found that the injection of some 15 ml. of 1 A Xylocaine 
(lignocaine; Duncan Flockhart) (without adrenaline) into the areola caused complete 
anaesthesia of the nipple to touch or prick, but on only two occasions was the mother unable 
to feel traction on the nipple during suckling. The use of a No. 19 hypodermic needle made 
this procedure all but painless. Anaesthesia of the nipple did not last more than 30 min. 
The only disadvantage noted was that the nipple became less erectile and in consequence 
more difficult for the infant to grasp. 7 

Pitocin (Parke, Davis) and Syntocinon (Sandoz) were the two commercial preparations 
of oxytocin which were used. The latter was more convenient as 2 u. are put up in 2 ml. 
of water. Pitressin was the commercial preparation of ADH which was used. 


RESULTS 
Part I. The effects of injected drugs 
Clinical evidence 


It was reported by Theobald, Graham, Campbell, sinaa & Driscoll 
(1948) that, after amniotomy, a 5% glucose drip (in distilled water) 
delivering from 1 to 5 m-u. oxytocin per minute usually sufficed to cause 
the onset of labour and to make ineffective uterine contractions effective. 
This concentration of oxytocin in the drip is still being used at Bradford 
(Theobald, Kelsey & Muirhead, 1956). 

During the years 1957 and 1958 inclusive 5579 patients were delivered 
in this hospital and amniotomy was performed in 1479 or 27 % of them, 
with the intent of inducing labour. If the women had not started labour 
by the following morning an oxytocin drip was usually started. 

Of the 1431 women who were 38 weeks or more pregnant, 1162 or 81% 
went into labour after amniotomy and a purgative, ‘without requiring an 
oxytocin drip. The total number of women given a drip for the purpose 
of inducing labour was 295 and of these only 34 or 11-5 °% required more 
than 5 m-u. of oxytocin per minute, while the infusion of between 1 and 
2:5 m-u./min sufficed in 98 or 33 %, of this group. (Of the 1479 women 
in whom labour was induced only 34 required a drip delivering more 


than 5 m-u. of oxytocin per minute.) 


The véry fact that some women required an oxytocin drip suggested 
failure of the myometrium to achieve its maximum sensitivity to oxytocin. 


_This view is supported by the fact that the oxytocin drip occasionally 
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failed to start labour for several days. In one patient the intravenous 
infusion of 2-5 m-u. of oxytocin a minute on the sixth day after amniotomy 
caused rapid dilation of the cervix and spontaneous delivery, notwith- 
standing the failure of stronger concentrations to have any effect on 
previous days (Theobald et al. 1956). It is usually true (Nixon & Smyth, 
1957) that the uterus ready to undertake parturition will contract when 
from 10 to 30 m-u. of oxytocin is injected intravenously. It is also true 
that the sensitivity of the human myometrium at term to both oxytocin 
and ADH varies considerably from hour to hour. Sensitivity tests were 
carried out on a gravida-2, aet. 38, with intact membranes, at term. The 
tracings were from the abdominal wall and the injections were made into 
the rubber tube of a glucose drip and near to the needle. Figure 1 (sect. 1) 
shows tracings obtained during the course of a morning, the conditions 
remaining unaltered. In section la are shown the contractions caused 
by the intravenous injection of 10 m-u, Syntocinon and 20 m-u. ADH. 
Two hours later (sect. 1b) the injection of 100 m-u. Syntocinon had less 
effect than the original 10 m-u. and an hour later still (sect. 1c) the con- 


tractions caused by the injection of 2 u. Pitressin were less than those 


caused by 20 m-u. Pitressin earlier in the morning. This represents a 
hundredfold decrease in sensitivity within 3 hr. 

A change in the opposite direction is shown in Fig. 1 (sect. 2). A young 
primigravida, aet. 17, some 30 weeks pregnant, was found to have an 
anencephalic foetus. At the points indicated by the arrows, 1 u., 1 u., 
and 5u. Syntocinon, respectively, were injected intravenously, without 
causing a single uterine contraction or any subjective sensation. The next 
morning amniotomy was done and an oxytocin drip delivering 5 m-u./min 
was started. She was delivered naturally a few hours later. This represents 
a thousandfold increase in the sensitivity of the myometrium to oxytocin 
within the space of less than 20 hr. 

It has been shown that 81°% of women went into labour within 20 hr 
of amniotomy, and that the intravenous infusion of from 1 to 2-5 m-u. 
a minute of oxytocin sufficed to put over a quarter of the remaining 
refractory patients into labour. It therefore appeared reasonable to 
assume that the physiological concentration of oxytocin which normally 
suffices to cause the onset of labour and effect delivery could not be more 
and might well be less. The only means that seemed open to determine 
this point were to discover the minimum amount of oxytocin necessary 
to restart labour, (a) after it had been deliberately stopped, and (b) after 
it had stopped spontaneously (secondary uterine inertia). 

Stopping early labour. It was found possible to stop the uterine contrac- 
tions of early labour for a considerable time by infiltrating the iliohypo- 
gastric and ilio- -inguinal nerves with a local anaesthetic. The technique 
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was originally devised to abolish the pain associated with the first stage 


of labour (Theobald, 1936, 1941), and for the purpose of this communica- 


tion it is immaterial whether uterine contractions were stopped by the 
adrenaline added to the local anaesthetic, by the abolition of pain, or 
by a combination of both factors. Either 0-5 mg or 1 mg of adrenaline 
was added to 100 ml. of a 0-5 % solution of Xylocaine and 20 ml. of this 
solution was used on either side to infiltrate the iliohypogastric and ilio- 
inguinal nerves as they passed in close proximity to the anterior superior 
iliac spines. A further 30 ml. of the solution was used in some cases to 
infiltrate the pudendal nerves. 

A primigravida, aet. 30, 10 days post-mature, was admitted after she 
had been in labour at home for 2 days without any sleep. Her cervix was 
only two fingers dilated. She was very tired and the incoordinate, ineffec- 
tive uterine contractions were exceedingly painful. At point L in Fig. 2A, 
the iliohypogastric and ilio-inguinal nerves were infiltrated with Xylo- 
caine. Uterine contractions ceased for an hour and the patient fell asleep. 


_ They restarted almost immediately after the glucose drip was changed to 


one delivering Pitocin 0-2 m-u./min (point P), which was continued until 
the placenta was delivered. The relief of pain and sleep lasted for 5 hr, 
and a female infant weighing 8} Ib. (3-9 kg) was delivered naturally 9 hr 
after the Xylocaine was injected. On every occasion that the uterine 
contractions of early labour were so stopped they could be started again 
by the intravenous infusion of from 0-2 to 0-5 m-u. oxytocin a minute. 
Secondary uterine inertia. It sometimes happens that women start 
labour, proceed to almost full dilation of the cervix and then cease to 
have any uterine contractions for several hours. One such patient, a 
primigravida, aet. 17, proceeded satisfactorily until her cervix was three- 
quarters dilated and then went out of labour for several hours (Fig. 2B). 
The head was satisfactorily engaged and there was no cephalo-pelvic | 
disproportion. A drip delivering Pitocin 0-25 m-u./min. was started at 


P, and was maintained until the patient delivered herself 3 hr later. 


ADH and labour 


ADH would appear to be as efficient as oxytocin in starting labour and 
effecting delivery. It was decided to induce labour in a gravida-5, aet. 35, 
and amniotomy was performed at about .16.00 hr (Fig. 3). A glucose drip 
was started at 16.30 hr, and an hour later at A (sect. 1) 100 m-u. of 
Pitressin was injected intravenously and caused a prolonged contraction. 
At 18.00 hr at B (sect. 2) a drip delivering 2 m-u./min Pitressin was begun, 
and sections 2 and 3 show the resulting increase in tone, and in the fre- 
quency and height of contractions of the lower uterine segment, and of 
the frequency and height of contractions of the fundus, recorded shortly 
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before delivery. This patient gave birth naturally to an infant weighing 
7 lb. 9 oz. (3-4 kg) within 4 hr of amniotomy and 2 hr after the start of 
the Pitressin drip. A note was made that at no time did the Pitressin 
drip cause either pallor or any significant rise in the blood pressure. 


Part II. The effects of suckling 
The effects of suckling on the other breast 


Very small amounts of oxytocin cause the mammary myoepithelium 
to contract and to express milk from the alveoli and ducts. Unless milk 
is present in the alveoli in reasonable quantities it cannot be expressed 
and it is important to choose suitable subjects, to wait until lactation is 
established, and not to conduct tests shortly after the breasts have been 
emptied or if the mother’s fluid intake has been restricted. Nor should 
tests be carried out before the first feed in the morning because a free 
secretion of milk, unrelieved by suckling during the night, often results in 
retention overflow. Nearly all the tests to be reported were done just 
before the feed at 14.00 hr, and between the 4th and me 8th day of the 


| puerperium. 


During the week following the establishment of lactation suckling from 
one breast invariably caused escape of milk from the other nipple in all 
subjects. This effect could be matched, within from 1} to 3 min, by a single 
intravenous injection of from 5 to 10 m-u. oxytocin or its intravenous 
infusion at the rate of from 0-2 to 1 m-u./min. On no occasion was the 


let-down of milk noted to be effected by the intravenous injection of ADH, © 


but this problem was not actively pursued. 

Uterine activity. During the first 10 days of the puerperium suckling 
caused uterine contractions to occur within 3 min (Fig. 4) of its commence- 
ment, in each of approximately twenty patients who were investigated. 
This effect was matched by a single intravenous injection of 10 m-u. of 
a commercial preparation of oxytocin or its intravenous infusion at the 
rate of from 0-5 to 1 m-u./min. Similar uterine activity was caused by 


comparable injections of Pitressin, but this hormone when given in the 


non-pregnant state seemed to produce tachyphylaxis and to lessen the 
subsequent effect of oxytocin (Figs. 4 (sect. 1), and 5 (2)). 

Water diuresis. Water diuresis curves obtained from some twenty women 
between the 4th and the 8th day of the puerperium confirmed previous 
observations that suckling was frequently associated with antidiuresis. 
The longer the infant was kept on the breast the more likely was anti- 
diuresis to occur. Figure 6 shows that the effect could be matched by 
a single intravenous injection of less that 0-5 m-u. Pitressin. On other 
occasions 0-2 m-u. Pitressin sufficed. The effect could not be attributed to 
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Section 1 Section 2 P 


A 


+O 


Minutes 

Fig. 4. Effects on the uterus caused by suckling, and by the infusion of hypertonic 
NaCl; records from balloon in uterus. Time intervals 2} min. Section 1 (upper); 
at A baby was put to the right breast, at B to the left, and at C was taken from 
the room: (lower) at D, 35 min later, the tracing was readjusted and the intra- 
venous infusion of 200 ml. of 5% NaCl ended. At #, 10 m-u., and at /, 100 m-u. 
Syntocinon was injected intravenously without causing any uterine activity. 
Tho ‘kick’ in the tracing between D and £ was an artifact. Section 2 (upper); 
from A to B baby was at the left breast (anaesthetic nipple) and the uterus 
became markedly hypertonic. Some 40 min later, between C and D (lower tracing), 
100 ml. of 7-5% NaCl was infused intravenously; this caused antidiuresis (Fig. 8) 
and marked decrease in uterine activity; at E, 5m-u. Syntocinon was injected 
intravenously. 


& 


| 


Minutes Minutes 


Fig. 5. Effects on uterus caused by suckling, by the breast pump and by the 
intravenous infusion of Pitocin and Pitressin; tracings from balloon in uterus; 
time intervals 2} min. (1) At A baby was put to the breast: the electric breast 
pump, applied to the opposite breast, was switched on at. B (shortly after the 
baby had been removed from the breast) and off at C. (2) At A, immediately 
after the baby had been removed from the breast, a drip delivering Pitocin 
0-4 m-u./min was started and was changed at B to one delivering Pitressin 
0-4 m-u./min. | 
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oxytocin, for the intravenous infusion of 4 m-u. Syntocinon a minute did 
not cause antidiuresis (Fig. 7). Moreover, the marked antidiuresis caused 
by the intravenous infusion of Syntocinon 16 m-u./min for 25 min was 
short-lived. The two crucial observations were (1) that the onset of anti- 
diuresis, when it did occur, was often delayed for 10-15 min after suckling 
commenced (Fig. 6), and (2) that in some subjects no antidiuresis occurred 

200 


=) 


Urine voided in preceding 10 min (ml.) 


0.30 1 1.30 2 2.30 

Hours 
Fig. 6. Effect of suckling and of Pitressin on urine flow. Both curves from the 
same subject; interrupted line, 5th day, full line 8th day of puerperium. Hydrating 
dose of water given at W. The baby was at the breasts for the period between the 
two arrows labelled B. At P 0-5 m-u. Pitressin injected on 8th day. 


Anaesthetizing the nipple in no way interfered with oxytocin release, 
for milk flowed from the other nipple and uterine activity occurred within 
3 min of the commencement of suckling (Fig. 4, sect. 2). On the other 
hand antidiuresis did not occur when the mother experienced no sensation 
at all while her baby was at the breast (Fig. 8Z). Conversely, the urine 
output fell to 2 ml. in 5 min (very much lower than on any other occasion) 
in a subject with painful nipples after the anaesthetic action had passed 
off and before suckling had ceased. 

The intravenous infusion of hypertonic NaCl. The intravenous infusion 
of NaCl solution, either 200 ml. of 5% or 100 ml. of 7:5 % (w/v), sufficed 
to inhibit water diuresis to approximately the same degree as a single 
intravenous injection of from 0-5to 1 m-u. Pitressin. Figure 4 (sect. 1 4, B) 
shows the uterine activity associated with suckling in a gravida-3, aet. 26, 
on the 6th day of the puerperium. Some 25 min after the baby was 
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removed from the breast 200 ml. of 5% NaCl was given intravenously 
within 12 min and caused the 10-min urine output to fall from 164 to © 
17 ml. The myometrium subsequently became insensitive to oxytocin and 
it was necessary to inject 1 u. Syntocinon in order to provoke a single 
contraction, after which the sensitivity of the myometrium to oxytocin 
returned to its former level. Over-activity of the uterus of a gravida-3, 
aet. 26, on the 5th day of the puerperium is shown in Fig. 4 (sect. 2). 
Frequent and strong uterine contractions, which persisted for 40 min, 
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Fig. 7. The effect of Syntocinon on water diuresis during the puerperium and in 
the non-pregnant state. The topmost curve was obtained during the puerperium. 
A 5% glucose drip was started and at W the hydrating dose of water was given. 
At points 1, 2, 3, 4, 5, 6, and 7, Syntocinon 0-2, 0-5, 1, 2°5, 4, 6, and 16 m-u./min 
was successively infused intravenously ; at G, the original glucose drip was restarted. 
The three lower curves were obtained simultaneously from non-pregnant women. 
Glucose drips were started on each of them, and 500 ml. water was given by 
mouth at each of the lower points marked W. An intravenous infusion. delivering 
10m-u. Syntocinon a minute was given for 70 min between arrows labelled ‘10 m-u.’ 
The original glucose drip was then resumed. The intravenous infusion of less 
than 5m-u. Syntocinon a minute had little effect on water diuresis, but more 
than that amount lowered the urinary output. 
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Hours . 
Fig. 8. Effect of suckling from an anaesthetized nipple (the left one). Hydrating dose 
of water given at W. Suckling from right breast (R) associated with antidiuresis. 


Suckling from left breast (LZ) associated with marked uterine activity (see Fig. 4, 
section 2). A glucose drip was started at @; 100 ml. of 7-5% NaCl was infused s 
intravenously between the arrows marked S and caused antidiuresis and lessening 
of uterine activity. 
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Fig. 9. Buckling without antidiuresis. The baby was at the breast bg. the period 
between the arrows, labelled B. 
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were provoked by suckling, although the mother felt nothing because 
the nipple was completely anaesthetic. The intravenous infusion of 100 ml. 
of 7-5% NaCl caused a marked decrease in uterine activity and a sharp 
fall in the 10-min urine output (Fig. 8). The myometrium returned to its 
former exceedingly over-active state following an intravenous injection 
of 5 m-u. Syntocinon (Fig. 4, sect. 27). 

On no occasion did the intravenous infusion of hypertonic NaCl cause 
either flow of milk from the nipple or increased uterine activity. 


DISCUSSION 


It has been shown that the sensitivity of the human myometrium at 
term to both oxytocin and ADH may vary greatly in either direction 
within the space of a few hours, and that its sensitivity to the former may 
be increased a thousandfold within 20 hr merely by performing amniotomy 
and administering a purgative. That this change is causally related to the 
operation is proved by the fact that the medical induction of labour proved 
so unsuccessful in spite of the fact that quinine and oleum ricini were 
given and that 5u. gf posterior pituitary extract was injected intra- 
muscularly every half hour until 30u. had been given. Evidence has 
been given which suggests that no woman goes spontaneously into labour 
until her myometrium achieves a sensitivity which responds to the intra- 
venous infusion of from 0-2 to 0-5 m-u. a minute of a commercial prepara- 
tion of oxytocin. Further, if a woman has a miscarriage or goes into 
premature labour her myometrium is responsive to a physiological oxytocin 
drip. | | 
The changes which occur in the sensitivity of the myometrium to 
oxytocin, ADH and ergot have been recognized for over a quarter of a 
century (Knaus, 1926; Robson, 1933; Moir, 1944) but the exquisite sensi- 
tivity attained before labour ensues has only been appreciated since the 
advent of the oxytocin drip. It must nevertheless be stated that Caldeyro- 
Barcia and his co-workers (Caldeyro-Barcia, Alvarez & Poseiro, 1955; 
Caldeyro-Barcia & Poseiro, 1959) maintain that the maximum sensitivity 
_ of the human myometrium to oxytocin is reached between the 30th 
and 36th weeks of pregnancy, and that the onset of labour is due to 
the increased release of oxytocin from the neurohypophysis of the 
order of from 4 to 8 m-u./min. The difference in our respective views may 
be more apparent than real, for most of the important papers which 
 Caldeyro-Barcia and his colleagues have published have been concerned 
~ with uterine behaviour during pregnancy and before the onset of labour. 
Others have suggested that this change in sensitivity is apparent rather 
than real, and is due to the enzyme oxytocinase. The incubation of serum 
' from blood withdrawn from women at any time after the 12th week until 


yee 
q 
7 
ig 
3 
a> 
f 
é 
pa 
44 
4 
¥ 
A 
| 
} 
> 


456 G. W. THEOBALD 


the birth of the child inactivates added oxytocin and ADH (von Fekete, 
1930; Werle, Hevelke & Buthmann, 1941; Woodbury, Ahlquist, Abreu, 
Torpin & Watson, 1946; Page, 1946; Hawker, 1955; Dicker & Tyler, 1956; 
Dicker & Whyley, 1959). 

It is difficult to assign any significance to the increased amounts of 

histaminase, oxytocinase and vasopressinase found in the blood during 
pregnancy in man. Water diuresis, for example, is inhibited as readily 
throughout pregnancy as in the non-pregnant state by the intravenous 
injection of physiological amounts of Pitressin (Theobald, 1934a, 1956), 
notwithstanding the fact that all observers are agreed that the enzyme 
which inactivates ADH is present in the blood throughout the second and 
third trimesters of pregnancy. It is the change in the sensitivity of the 
myometrium to oxytocin rather than an alteration in the amount of 
circulating oxytocinase which determines the onset of labour, for it would 
otherwise be difficult to understand how oxytocinase could destroy 5 u. 
Pitocin injected intravenously so rapidly as to prevent it from causing a 
_ single contraction. 
Oxytocin is destroyed mpidis, for uterine contractions caused by the 
_ oxytocin drip cease soon after the drip is stopped unless true labour has 
started. The concept that oxytocin must be liberated at frequent intervals 
during the course’ of labour is supported by the observation that in both 
rats and dogs the stores of this substance in the neurohypophysis are 
depleted at the time of delivery (Dicker & Tyler, 1953a, b; Fromageot, 
1956; Acher & Fromageot, 1957). 

The fact that ADH may be as effective as oxytocin in causing the onset 
of labour and delivery is surprising and must be regarded as a remarkable 
provision of nature, for when given in the non-pregnant state it produces 
tachyphylaxis (Figs. 4, 5 (2) and appears to lessen the subsequent response 


of the myometrium to oxytocin. The terminal stages of labour are most _ 


commonly associated with marked antidiuresis, which isin part attributable 
to the associated anxiety, pain and work, and in part to the fact that at 
that time the woman usually neither desires fluid nor is able to absorb 
much from the intestines. (Theobald, unpublished observations.) Delivery 
would be hindered, if not prevented, were it not for the above recorded. 
alteration in the response of the myometrium to ADH. 

The evidence so far discussed would be compatible with the view that 
oxytocin and ADH are invariably liberated together and in equal amounts, 
but such a conclusion is not supported by the investigations described 
in Part 2. 

Verney (1946, 1947) postulated that the release of antidiuretic hormone 
is physiologically determined by the osmotic pressure of the arterial blood, 
and over the years he and his colleagues have all but established that 
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these osmoreceptors are situated in the supraoptic nucleus (Jewell & 
Verney, 1957). It is not, however, probable that release of ADH, provoked 
by attempts at lumbar puncture or by cauterizing the cervix with AgNO, 
(Theobald, 19346, 1956, p. 358) or by a just-resented electrical stimulation 
of the lumbar: muscles (Verney, 1947), is mediated by osmoreceptors. 
Neither would it appear probable, notwithstanding the possibility of a 
teleological association between lactation and antidiuresis, that the osmo- 
receptors are normally concerned with the release of oxytocin. 

It is for these reasons that the observations of Andersson (1951) and 
of Abrahams & Pickford (1954) are important. The former found that . 
the intracarotid injection of hypertonic NaCl caused milk ejection in 
goats, and the latter that either the intracarotid or the intravenous injec- 
tion of hypertonic NaCl into conscious dogs caused increased uterine 


activity which was coterminous with the antidiuresis, and concluded that 


stimulation of the hypothalamic osmoreceptors by hypertonic NaCl caused 
the release of from 15 to 20 times more oxytocin than of ADH. 

It has been reported above that the intravenous infusion of hypertonic 
saline during the early days of the puerperium caused neither increased 
activity of the uterus nor let-down of milk. The difference between these 
results and those reported by Abrahams & Pickford (1954) might be due 
either to species difference or to the pharmacological amounts of oxytocin 


_ necessary to stimulate the non-pregnant uterus. 


The two most significant facts, however, are (a) that suckling can occur 
apart from antidiuresis, and (b) that the onset of the inhibition of urine 
flow may be delayed for 15 min after the commencement of suckling. 
Kalliala & Karvonen (1951) found that in some of their lactating women 
suckling was never associated with antidiuresis and one of the explanations 
they offered was that oxytocin could be released independently of ADH. 
Cross (1951) noticed the same fact in rabbits and suggested that whereas 
stimulation of the teats was sufficient to evoke release of the milk-ejection 
hormone, passage of milk out of the mamma was necessary to cause 
release of ADH. This explanation would not apply to lactating women, 
for removal of milk is far more efficiently done by an electric pump than 
by anew-born babe, but it causes relatively little increase in uterine activity, 
rarely causes escape of milk from the opposite nipple and has not caused 
antidiuresis on any observed occasion (Fig. 5 (1)). 

If suckling can cause uterine activity without antidiuresis it is reasonable 
to postulate that oxytocin can be released independently of ADH, unless 
it can be shown that the renal tubules are at that time relatively insensitive 
to the latter hormone. On the many occasions that this point was tested 
during the puerperium it was found that a single intravenous injection 
of from 0-1 to 0-5 m-u. Pitressin caused a much greater fall in urine output 
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than was caused by suckling. It is clear from Fig. 8 that suckling from 
the right breast caused a fall in the urine output, whereas suckling from 
the left, during which the mother experienced no sensation, did not, 
although it was associated with marked uterine activity (Fig. 4, sect. 2). 
That the sensitivity of the renal tubules remained unaffected is shown by 
the fact that the subsequent intravenous infusion of 100 ml. of 7-5% NaCl 
caused antidiuresis. Suckling unassociated with antidiuresis is shown in 
Fig. 9, and possibly in Fig. 6, and in the latter it is seen that an intra- 
venous injection of 0-5 m-u. Pitressin caused a marked fall in urine output. 


It is of course possible to argue that on the above and on other similar — 


occasions a subthreshold amount of ADH was released, but as this may 
occur at all hours of the day and night there seems no valid reason to 
associate it with oxytocin release. Indeed the delay in the onset of anti- 
diuresis on some occasions provides complementary and almost equally 
strong evidence of the independent release of oxytocin. All observers are 
agreed that it is released within 3 min of the start of suckling, and if ADH 


were released concomitantly antidiuresis should begin to occur shortly | 


after the effects of the oxytocin are noted. But this is not always the case. 


Cross (1951) reported that in rabbits the maximal oliguria occurred © 


half an hour after suckling, and Kalliala & Karvonen (1951) stated that 
in lactating women antidiuresis ‘seemed to consist in a drop in the urine 
excretion curve between 15 arid 30 minutes after the beginning of the 
feeding’. In the above reported experiments the same time lag was noted 
on a number of occasions and was the more significant as the urine output 
was invariably measured every 5 min, although te 10-min output has 
been recorded. . 

It is evident that ADH release dane suckling is not always synchronous 
with oxytocin release, which is prompt and invariable, neither does it 
always occur. This suggests that separate pathways from the nipple may 
be involved in their respective releases. Complete anaesthesia of the 
nipple does not interfere with oxytocin release, the stimulus for which 
may be an alteration of tension in the alveoli and ducts. The complete 
absence of sensation during suckling would appear to lessen the chance 
of antidiuresis occurring, but many more tests would have to be made 
before this point could be settled (Fig. 8). The converse is more easily 
established, for pain caused by suckling a sore nipple caused a much more 
marked fall in urine output than had occurred on any other occasion or 
has since been noted, although it must be regarded as probable that the 
antidiuresis on this occasion included an adrenaline-like element. 

Seeing that antidiuresis is frequently but not always associated with 
suckling, that when it does occur it may only be after a significant time 
_ lag, that the renal tubules are as sensitive to ADH during the early days 
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of the puerperium as at any other time, that the intravenous infusion of 
hypertonic saline solution causes antidiuresis but neither increased uterine 
activity nor let-down of milk, and that an occasional woman may pass 
through labour without any diminution of urine output, it is clear (under 
strictly physiological conditions) that either hormone may be released 
without any evidence of release of the other. It therefore seems reasonable 
to conclude from a functional point of view that the separate release of 
both oxytocin and ADH occurs and to conjecture that separate pathways 
from the nipple may be involved in their respective releases. 


SUMMARY 


1. The concentration of oxytocin in the blood which suffices to initiate 
labour and effect delivery corresponds with that provided by the intra- 
venous infusion of between 0-2 and 0-5 m-u. of either Pitocin or Syntocinon 
a minute. 

2. The sensitivity of the human myometrium at term: to oxytotin 
varies widely in either direction in the space of a few hours, and at 30 weeks 
may be increased a thousandfold within 20 hr by performing amniotomy 
and giving a purgative. The exquisite sensitivity to oxytocin which the 
myometrium must attain before labour can occur lasts but a few hours. 

3. ADH, which in the non-pregnant state produces tachyphylaxis 
and lessens the subsequent response of the myometrium to oxytocin, is 
almost equally efficient as oxytocin in starting labour and effecting 
delivery. 

4. Suckling is frequently associated with antidiuresis, but not always, 
and there may be a pronounced time lag between the start of suckling 
and the onset of antidiuresis; antidiuresis is less likely to occur if all 
sensation from the nipple is blocked. 

5. The intravenous infusion of hypertonic NaCl causes antidiuresis but 
neither increased uterine activity nor let-down of milk. 

6. It is concluded that oxytocin and ADH can be released independently 
of each other and that it is possible that impulses from the nipple which — 
cause their respective release may travel along different pathways. 


I am deeply indebted to the many patients who volunteered for these experiments, to 
the Sisters who encouraged them to do so and thereby became involved in extra work, and 
to my junior colleagues who assisted me. 
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THE ENZYME SYSTEMS CONCERNED WITH ACETYLCHOLINE 
SYNTHESIS IN THE ATRIA OF THE RABBIT HEART 


By A. 8. MILTON 
From the Department of Pharmacology, University. of Oxford 


- (Received 25 March 1959) 


Some years ago Biilbring & Burn (1949) described experiments on isolated 
rabbit atria and on the choline acetylase system present in them. They showed 
that when atria were allowed to contract for many hours the beat finally 
stopped and then could be restarted by the addition of acetylcholine. They 
also found that the synthesis of acetylcholine (ACh) by acetone-dried powders 
of atria that had ceased to beat was much less than synthesis by acetone 
powders prepared from fresh atria. Further, when they added acetylcholine 
to an incubation mixture which contained an acetone powder prepared from 
such exhausted atria, the synthesis of acetylcholine was increased, although 
its effect when added to acetone powders of fresh atria was to reduce synthesis. 
Considerable advances have been made in methods of measuring choline 
acetylase activity in recent years (Hebb, 1955; Hebb & Smallman, 1956) and 
it seemed desirable to re-examine the observations of Biilbring & Burn, using 
the newer methods. In particular, it was thought necessary to find out 
whether the effects of exhaustion and of the addition of acetylcholine were 
- due to effects on the enzyme choline acetylase, or to effects'on the formation 
of acetyl co-enzyme A, which is a substrate for choline acetylase. Any changes 
in its production by the tissue might be rate-limiting and so would vases the 
synthesis of acetylcholine. 


METHODS 


The methods used were similar to those previously described for enbisiiting seotyleholine synthesis 
in Mytilus edulis (Milton, 1959). 

Preparation of the enzyme. Rabbit atria which had been minced were washed in a 
mortar with a large volume (approx. 300 ml.) of cold, dry acetone (—15° C), which was rapidly 
poured off through a Buchner filter funnel, The tissue was then ground up with several further 
additions of acetone until all the material had been transferred to the Buchner filter in the form of 
a fine powder. The powder was left to dry on the filter paper for 5 min and then transferred to 
a desiccator, which was evacuated over P,O,. After standing at 4° C for 24 hr the powder was 
removed from the desiccator, weighed and’ suspended (40 mg/ml.) in cysteine saline solution 
(neutralized L-cysteine hydrochloride 6 mg/ml., NaCl 0-9% (w/v)). The solution was stored at 
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- 15° C for a minimum period of 24 hr. Just before use it was thawed and centrifuged at 3000 
rev/min. 

Incubation system. The incubation mixture contained the reagents listed in Table 1 (C. 0. Hebb, 
personal communication). The co-enzyme A (Co A) preparation was diluted with distilled water in 
those experiments in which different concentrations were required (0-05 ml. Co A (400 u./ml.) = 
5 u. Co A/mg atrial acetone powder). It was prepared by a modification of the method described 
by Hebb (1955). Acetyl phosphate obtained commercially was suspended in distilled water. 
Phospho-trans-acetylase, which was supplied by the Worthington Biochemical Corporation, 
U.S.A., was suspended in 0-02m-KHCO,. 

An alternative incubation system, which was used to compare the enzyme activity of fresh 
atria with its activity in atria which had ceased to beat, is given in Table 2. The water used for 


| 
(mg/ml.) (ml.) 
Co-enzyme A (400 u./ml.) 0-05 
300 0-04 
Choline chloride “40 0-04 
Acetyl ph 10 0-14 
L-Cysteine HCl (neutralized) 30 0-12 
Phospho-trans-acetylase 2°5 0-10 
Eserine sulphate aie 0-16 
Water | 0-23 
: Total 0-90 
* In NaCl 4% (w/v). 
TABLE 2 
(mg/ml.) (ml.) 
KCl 300 0-04 
Choline chloride 40 0-04 
Co-enzyme A* 0-05 
MgCl, .6H,0 12 0-08 
Na-adenosine-triphosphate 20 0-20 
Na citrate 68 0-08 
Na acetate 13-6 0-08 
steine 30 0-10 
PLEt 0-08 
Na,HPO, 25 0-08 
Eserine sulphate. if 0-10 
Water 0-07 
Total 1-00 


* The Co A concentration differed in different experiments but was in the range 0-400 u./ml. 

1 PLE refers to pigeon liver enzyme prepared by the method of Kaplan & Lipmann (1948), 

with the exception that the extract was prepared in 0-02mM-KHCO, instead of 0-02m-NaHCO,. 

In some experiments no PLE was added. When this method was used there was no pre-incubation. 
tt In NaCl 4% (w/v). 


making up solutions was obtained by glass distillation of tap water which had previously been 
demineralized in a Permutit demineralizing plant. 

The reagents listed above were pipetted into suitable glass ‘tubes in the order given and 
incubated for 15 min to initiate the formation of acetyl co-enzyme A. After 15 min, 0-1 ml. of 
the enzyme preparation to be tested was added to the incubation mixture. The tubes were corked 
and the incubation then allowed to proceed for 1 hr. As controls, similar tubes were set up which 
contained the same reagents and 0-1 ml. of boiled enzyme. These controls were used in the assay 
when matching the test solutions against standard acetylcholine solutions. Exactly 1 hr from 


~ 
i 
1 
» 
e 
| 
[ 


464 A. 8. MILTON 


the time of adding the enzyme the reaction was stopped by adding 6 drops B.D.H. Universal 
indicator and 0-2 ml. n/3-HCl+1-0 ml. m/15 phosphate buffer. Frog Ringer's solution 4 ml. was 
added to each tube and the contents were boiled for 1 min: they were then cooled and the volume 
was made up to 10 ml. with frog Ringer’s solution aud stored at — 15° C. The acetylcholine content 
was then assayed on the frog rectus abdominis muscle preparation. The standard acetylcholine 
solutions were made up with addition of the control solutions in amounts corresponding to the 
amounts of test solution used. 

Aceto-Co-A-kinase estimation. The method cae’ was similar to that described by Lipmann & 

Tuttle (1945). The acetohydroxamate formed was measured in an E.E.L. photo- ate colorimeter 
with a green OGR. 1. (540 my) filter. 

Acetylcholine content of atria. The atria were removed from the rabbit heart immediately after 
killing the animal. They were set up in well oxygenated Locke’s solution, containing twice the 
normal concentration of glucose (g/l.: NaCl 9-0, KCl 0-42, CaCl, 0-24, NaHCO, 0-50, glucose 2-0), 
at 30° C. 

(a) Active atria. These were allowed to beat for 14 hr, the Locke’s solution being changed 
30 min after setting up. At the end of 1} hr they were quickly cut down, dropped into ice-cold 
0-3m sucrose solution containing 10-'m eserine, weighed, and homogenized as described below. 

(b) Exhausted atria. These were allowed to beat until they stopped. The Locke’s solution was 
changed every hour during the day. (During the night they were allowed to cool to room tempera- 
ture, approx. 15° C, and were rewarmed to 30° C in the morning.) Immediately they stopped 
beating, which occurred between 24 and 48 hr after being set up, they were dropped into ice-cold 
0-3m sucrose solution containing 10~*m eserine. 

The atria were weighed and then homogenized for 1} min in an all-glass homogenizer (100 mg 


tissue/ml. sucrose). The homogenate was then centrifuged in a refrigerated centrifuge ( — 2° C for 
10 min at 2000 g). The supernatant was decanted off. 


After the atria had been removed from the Locke’s solution they were _ at. a temperature 
of 0° C or lower. 


The free acetylcholine content of the supernatant was assayed immediately on the frog rectus 
muscle by the ‘superfusion’ technique of Ahmed & Taylor (1957). Bound acetylcholine was 
measured by determining the extra ester present in samples which had been brought to pH 4 
with dilute HCl and heated in a boiling water-bath for 10 min. The solution was cooled and neutra- 
lized with NaOH and the total acetylcholine content was assayed. 

0-5 ml. of the supernatant was kept for nitrogen determination. It was digested for 1 hr with 
2-0 ml. acid mixture. The acid mixture was that described by Campbell & Hanna (1937): it 
consisted of 3 vol. conc. H,SO,+1 vol. syrupy phosphoric acid, sp.gr. 1-7; to 100 ml. of this 
solution was added SeO, 1 g +CuSO,.5H,0 1 g. For the blank 0-5 ml. eserinized sucrose solution 
was used. The acid digest was transferred quantitatively to a 10 ml. volumetric flask and made 
up to 10 ml. with distilled water. The nitrogen present in the digest as ammonium sulphate was 
measured by means of the micro-Kjeldahl apparatus (modified Markham type). 


RESULTS 


Observations on acetylcholine synthesis by acetone powders 
from freshly excised atria 
The first experiments showed that with either system of incubation sckivities 
as high as 400 ug ACh/g acetone powder per hour could be obtained. The 
highest figure quoted by Biilbring & Burn (1949) was 75 ug ACh/g/hr. As 
the acetone powders were prepared in the same way the difference must be 
due to the differences in the incubation mixtures and experimental procedure. 
The synthesis of acetylcholine takes’ place in two stages. In the first stage 
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co-enzyme A is acetylated to acetyl co-enzyme A, and in the second stage, 
which is catalysed by choline acetylase, the acetyl group is transferred to 
choline. Experiments were therefore carried out to determine the effect on 
the synthesis in atria of variations in the concentration of co-enzyme A. 

The results with the phospho-trans-acetylase system are shown in Table 3. 
It will be seen that in Expts. 2 and 3 there was a small rate of synthesis, 
presumably due to co-enzyme A preserit in the acetone powders of the atria. 
In all three experiments, however, the synthesis rose as the amount of co- 
enzyme A was increased. In Expt. 1 the synthesis was slightly less with 5 u. 
Co A/mg powder than with 2-5 u. This lower concentration appeared to be the 
optimum, though the difference is slight. 


TaBLE 3. Effect of co.enzyme A concentration on synthesis at 37° C 


Co A concri: ACh synthesized (ug/g powder/hr) 
(u./mg acetone — A ~ 
powder) Expt. 1 Expt. 2 Expt. 3 
0-00 0 100 58 
0-625 150 222 — 
1-25 222 317 
2-50 267 375 — 
5-00 233 438 


TABLE 4. ‘Effect of addition of acetylcholine to the incubation mixture 
when 5 u./mg Co A was present: temp. 37° C 


ACh added ACh synthesized (ug/g/hr) 


(ug/g acetone — 
powder) Expt. 4 Expt. 5 
0 263 119 
250 256 131 


Observations were made to see if the earlier finding, that acetylcholine 
inhibited synthesis, could be confirmed by the methods described in this paper. 
As is shown in Table 4, the first results failed to demonstrate any effect. In the 
presence of acetylcholine there was a decrease of 3° (Expt. 4) and an increase 
of 10% (Expt. 5); these differences are negligible. Both these experiments 
were carried out with optimal amounts of co-enzyme A. The effect-of acetyl- 
choline was then tested in the presence of smaller amounts of co-enzyme A. 
The amount of co-enzyme A in each experiment was reduced by half of that 
in the previous experiment and the effect on synthesis of adding 275 ug 
ACh/g powder was tested at each concentration of co-enzyme A. The results, 
which are given in Table 5, show that an inhibition of 36% was observed 
when the co-enzyme A was reduced to one-quarter, and of 50% when it was 
reduced to one-eighth. 


Acetylcholine synthesis by acetone powders prepared from exhausted atria 
Acetone-dried powders were prepared from atria which had ceased to beat, 
_and the choline acetylase activity of these was compared with that of fresh 
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atria. With the phospho-trans-acetylase system with optimal amounts of 
co-enzyme A the synthesizing activity was the same in both preparations. 
In the absence of added co-enzyme A a low rate of synthesis occurred, as was 
found with preparations of normal atria, and the addition of acetylcholine to 
the incubation mixture caused a decrease in synthesis. 


Taste 5. The relation of Co A concentration to the inhibitory action of ACh 
on choline acetylase activity in active atria: temp. 37° C 


CoA ACh added ACh synthesized Change 
(u./mg powder) (ug/g powder) (ug/g/hr) (%) 

5-00 0 233 ae 

5-00 275 295 

2-50 0 267 

2-50 275 

1-25 0 222 

1-25 275 ast 

0-625 0 150 

0-625 275 50 


Taste 6. Aceto-Co-A-kinase activity of acetone powders prepared from normal and exhausted 
atria. The results are expressed as colorimeter readings, obtained by using 4 mg acetone 
powder in 0-1 ml. solution; for method see Lipmann & Tuttle (1945) 


Normal atria Exhausted atria 


0-50 0-15 
0°55 0:30 
0-50 0-10 
Mean value 0-52 0-18 


Ratio of values 100:35 


With atrial powders acetyl co-enzyme A can be synthesized from acetate, 
co-enzyme A and adenosine triphosphate (ATP), and also from citrate, co- 
enzyme A and ATP. The first synthesis is catalysed by the enzyme aceto- 
Co-A-kinase and the second probably by the enzyme described by Srere & 
Lipmann (1953). Experiments were carried out to estimate the aceto-Co- 
A-kinase present in powders prepared from fresh atria and from those which 
had ceased to beat. The results, which are given in Table 6, show that the 
aceto-Co-A-kinase activity was considerably reduced in the powders from 
exhausted atria. 

As a result of these observations the ability of exhausted atria to synthesize 
acetylcholine was studied with the incubation mixture which contained ATP, 
citrate and acetate. The results are given in Table 7. They show that with this 
method of incubation the rate of acetylcholine synthesis was low, and that an 
increase in synthesis occurred when acetylcholine was added to the incubation 
mixture. If, however, pigeon liver enzyme was present in the incubation 


mixture a higher rate of synthesis was observed, and in this case acetylcholine 
caused an inhibition. 
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Acetylcholine content of normal and exhausted atria 


Since the ability to synthesize acetylcholine was much reduced in powders 
from exhausted atria it was decided to measure the amount of acetylcholine 
present in normal and exhausted atria. The results are shown in Table 8. 
This shows the amount of acetylcholine extracted from the atria both in the 
free form and the bound form (see Methods). In order to make a direct com- 
parison of these results between atria of widely different weights the amount 
of acetylcholine was also calculated as »g ACh per milligram of nitrogen 
present in the homogenate. The figures are significantly different at the 
0-01 % level. 


TaBLE 7. Synthetic ability of acetone powder from exhausted atria, 
with endogenous and added activating enzymes 


ACh added ACh 


(ug/g synthesized Change 

Enzymes present powder) (ug/g/hr) (%) 

(1) Endogenous — 35 20 
Endogenous 42 

PLE supplemented —/ 80 40 
PLE supplemented 15 47 a 
(2) Endogenous — 27 ; 

Endogenous 15 38 

PLE supplemented — 56 40 
PLE supplemented 15 34 sg 


Taste 8. Acetylcholine content of atria 

4 ACh extracted from atria (ug) yg ACh/mg N in homogenate 

wt. (mg) Free Bound Total Free Bound Total 


616 0-68 0-58 1:26 0-25 0-22 0-47 
458 0-28 0-23 0-51 0:23 0-19 0-42 
357 0-68 0-57 1-25 0-24 0-21 0-45 
396 0-91 0-68 1:59 0-29 0-22 0-51 
Mean 457 0-62 0-49 1-1 0-27 0-21 0-48 


DISCUSSION 


The weeds described in this paper is a sequel to that of Biilbring & Burn (1949), 

who studied the choline acetylase activity of isolated rabbit atria. They made 
acetone-dried powders of rabbit atria as soon as they were removed. from the 
animal and compared their ability to synthesize acetylcholine with acetone 
powders prepared from atria which had ceased to beat after 40-50 hr in a bath 
of Locke’s solution. The enzyme activity was very low in the atria which had 
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Exhausted 338 0-29 0-08 0-37 0-17 0-05 0-22 
401 0-44 0-20 0-64 0-19 0-09 0-23 | 
438 0-52 0-18 0:70 0-23 0-08 0-31 
507 0-35 0-16 0-51 0-13 0-06 0-19 
Mean 421 0-40 0:16 0-56 0-18 0-07 0-25 
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By the use of improved methods much higher figures for choline acetylase 
activity have been recorded here than previously reported by Biilbring & Burn. 
Their highest figure was 75 ug ACh/g/hr, whereas the highest figure now recorded 
with an acetone powder prepared in the same way is 438 wg ACh/g/hr. This 
difference is due to the fact that the donor enzyme system supplying acetyl 
co-enzyme A, which is a necessary substrate for choline acetylase, was not 
sufficiently active in the experiments of Biilbring and Burn and so the pro- 
duction of acetyl co-enzyme A became the rate-limiting factor. The observa- 
tions of Biilbring and Burn that acetylcholine diminished acetylcholine 
synthesis is confirmed in several experiments, but only when suboptimal 
amounts of Co A are present. In a system with optimal amounts of Co A 
there is no inhibition. 

An explanation of these results can be offered if it is assumed that the 
synthesis of acetylcholine occurs on active sites present in the protein mole- 
cules of the choline acetylase. To one of these sites the acetyl group from 
acetyl Co A would be attached; it would combine with the choline, attached 
to another site, and form acetylcholine. The acetylcholine formed would either 
remain on the enzyme or be released. Whether the active site was occupied by 
the acetyl group of acetyl Co A, or by the acetyl group of acetylcholine 
_ would depend on the relative concentrations of these substances. When acetyl 
Co A was present in excess, the effect of adding small amounts of acetylcholine 
would be negligible. However, when only small amounts of acetyl Co A 


were available, an equilibrium would be reached between acetyl Co A and 


acetylcholine. The addition of acetylcholine would, therefore, result in less 
acetylcholine being synthesized. 

The most puzzling results obtained by Biilbring and Burn were those which 
indicated that the synthesis of acetylcholine was low when they used acetone 
powders obtained from atria which had ceased to beat, and that when such 

powders were incubated with small amounts of acetylcholine the synthesis was 

increased. The observations now made show that both the choline acetylase 
activity and the amount of endogenous co-enzyme A present in the acetone 
powders are of the same order, whether prepared from normal or exhausted 
atria. Under optimal conditions the choline acetylase behaves in the same 
way whether derived from normal or exhausted atria, and in co-enzyme- 
A-deficient systems the addition of acetylcholine causes a decrease in 
synthesis. 

In the experiments of Biilbring and Burn no enzyme was added to catalyse 
the formation of acetyl Co A, and so the acetyl Co A formation must have 
been catalysed by enzymes present in the atrial acetone powder. Further to 
this the activity of the aceto-Co-A-kinase has been measured in acetone powders 
from both normal and exhausted atria; the activity in those from exhausted 
atria i is found to be only 35% of that in powders from normal atria. 
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Other experiments have shown that the rate of acetylcholine synthesis is 
low if the enzymes present in the powder from exhausted atria are relied 
upon to catalyse the formation of acetyl Co A. If, however, pigeon liver 
enzyme is added to the incubation mixture a much higher rate of 
synthesis occurs. 

It has been observed that when acetylcholine is added in small amounts, 
in the absence of added activating enzyme, to powders from exhausted atria, 
an increase in synthesis occurs, as was described by Biilbring & Burn (1949). 
If, however, pigeon liver enzyme is present in the incubate, then the usual 
inhibitory action of added acetylcholine is observed. These results are very 
difficult to understand, but it seems possible that one of the two following 
explanations may account for them. The only difference between acetone 
powders obtained from normal and exhausted atria is that in the powders from 
the exhausted atria the aceto-Co-A-kinase activity is greatly diminished. 
This is likely to result in a very low rate of acetyl Co A formation. Smallman 
(1958) showed that the rate of synthesis of acetylcholine is dependent on the 
availability of acetyl Co A. The relation between synthesis and acetyl Co A 
concentration is not linear; there is a critical concentration of Co A below 
which synthesis of acetylcholine occurs at a very low rate. Above this 
threshold concentration the rate of acetylcholine synthesis rapidly increases. 
Under normal conditions in experiments with acetone powders from exhausted 
atria, the acetyl Co A concentration never rises above the threshold value 
and the rate of synthesis is accordingly very low. In this situation, how- 
ever, if acetylcholine is added to the incubation medium, it may temporarily 
occupy the synthetic sites of the choline acetylase molecule, and as a result it 
may delay synthesis until acetyl Co A can accumulate above the threshold 
value, just as in Smallman’s experiments where he delayed the addition of 
choline. The threshold value having been reached, synthesis then continues at 
4n increased rate, with the normal competition between acetyl Co A and acetyl- 
choline for the active sites. The increased rate of synthesis in the presence of 


acetylcholine would thus be explained. 


The other explanation is based on the observation of Demin (1955) that 
acetylcholine significantly increases the concentration of titratable thiol 
groups of various tissue extracts and suspensions, without denaturing the _ 
proteins. This increase was attributed to increased reactivity of thiol groups. 
Choline acetylase is known to possess thiol groups and it is possible that acetyl- 
choline may itself activate the enzyme. Thus a low rate of acetylcholine 
production may occur until sufficient has been formed to activate the enzyme 
completely. Under optimal conditions this will occur fairly rapidly, but in 
the case of the exhausted atria insufficient acetylcholine will be synthesized to 
activate the system completely, and so under these conditions its addition 
will cause activation and result in a greater rate of synthesis. 
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The results of experiments to determine the amount of naturally formed 
acetylcholine in atria show that the total amount of acetylcholine drops by 
- 60% in the exhausted atria. The results also show that the amount of bound 
acetylcholine is very considerably reduced (by 66%). This is in agreement 
with the enzyme studies, since the decrease in synthetic ability would prevent 
the high level of bound acetylcholine being maintained. The atria would stop 
beating when the amount of free acetylcholine is too. low to maintain the 
membrane potential. 

SUMMARY 

1. Acetone-dried powders of rabbit atrial tissue are able to synthesize up 
to 400 ng ACh/g/hr in vitro in a system in which acetyl Co A is generated by 
added phospho-trans-acetylase in the presence of Co A and acetylphosphate. 
This is about six times the maximum rate of synthesis previously recorded for 
this tissue. | 

2. In atria that have ceased to beat choline acetylase activity and Co A 
concentrations are of the same order as in normal atria, but the activity of 
aceto-Co-A-kinase is very much less than normal. 

3. The conditions have been studied under which added acetylcholine 
may inhibit acetylcholine synthesis by acetone powders of active atria and 
stimulate synthesis by acetone powders of exhausted atria. The first effect is 
observed only when the amount of Co A present in the incubate is less than 
optimal; and the second only in systems in which the generation of acetyl 
Co A is dependent on the activity of endogenous enzymes. 

4. In exhausted atria the total amount of acetylcholine is 50% of the 
normal; the bound acetylcholine is reduced to 33% of the normal. 

I wish to thank Professor J. H. Burn, F.R.S., for his continued interest in and encouragement 
of this work. 
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The mechanism by which the respiratory musclés produce respiratory 
movement of the thorax has been the subject of investigation for a very 
‘long time. As a result of such studies, respiratory muscles have been 
classified as expiratory when their activity results in forces which aid 
expiration and inspiratory when their activity results in forces which aid 
inspiration. 

As a result of studies of the compliance of the thorax of anaesthetized 
paralysed human subjects (Howell & Peckett, 1957) we were led to suspect 
that the inspiratory muscles might extend their activity into expiration 
to oppose rather than to aid expiration. In order to explore this possi- 
bility, we have studied the electromyograms of the most accessible respira- 
tory muscles, viz. the intercostal muscles, and have correlated their 
activity with the phases of the respiratory air flow. 


METHODS 


Six healthy young male subjects were studied in the semi-recumbent posture. Pairs of 
surface electrodes 1 cm in diameter and 5cm apart were placed in the lower (6th—9th) 
intercostal spaces. The electromyogram (e.m.g.) of the underlying muscles was recorded 
with an Ediswan 4-Channel ink-writing electro halograph. Respiratory air flow was 
recorded at the mouth with the pneumotachograph ‘described by Green & Hower (1955), 
which was coupled to the last two stages of a further channel of the electro aph 
With a low gain of this channel it was possible to record the complete pneumotachogram 
(Fig. 1), whereas at higher gain the air-flow scale was so expanded that very low rates of 
flow caused maximum deflexion of the pen; under these conditions the crossing of the zero 
flow line at the beginning of inspiration and expiration was clearly marked (Fig. 2). 


RESULTS 


Jn each subject the activity recorded from the lower newaasl spaces 
started shortly after the commencement of inspiration and increased in 
intensity through inspiration (Figs. 1, 2). This activity, however, always 
continued through the point of reversal of air flow, and gradually decreased 
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In one subject (Fig. 3) the activity persisted at low intensity for approxi- 


vity could be detected after the first third of expiration. 


Insp. 
Exp. 
e€.m.g. 


i. A. A. i... A 


1 sec 


: Fig. 1. Pneumoteachogram (upper tracing), inspiration upwards, expiration 
downwards; horizontal line = zero flow. In Figs. 1-3, middle tracing = electro- 
| myogram 7th right intercostal space, anterior axillary line; X = artifact due to 


Insp. 

| 

v 

| 

| 

! 
' 
' 

e.mg. 
1 sec 
oi 2. Pneumotachogram (upper tracing); p otachograph now used 


as air-flow direction indicator by increasing gain. 


during expiration. The duration of activity during expiration was variable. 


mately half the duration of expiration; usually, however, no —— acti- 
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\ 


1 sec. 


Fig. 3.. Pneumotachogram (upper tracing, inspiration upwards, expiration down- 
wards); oscillations on expiratory pneumotachogram due to artifact. 


DISCUSSION 


Intercostal muscle activity has. been demonstrated electromyographi- 
cally to continue without interruption, from inspiration into the early 
part of expiration. During spontaneous breathing inspiration is an active 


process requiring the contraction of inspiratory muscles. The potential 


energy stored in the elastic tissues of the lungs and thorax is available 
for expiration, which in quiet breathing is generally considered to be 
passive and does not involve activity of expiratory muscles. The recording 
of electrical activity from the intercostal space during the expiratory 
phase might suggest that the intercostal muscles had an expiratory func- 
tion. However, evidence of expiratory muscle activity during quiet expira- 
tion has not been demonstrated. In a careful electromyographic study 
in normal supine human subjects, Campbell (1952) and Campbell & Green 
(1953a, b; 1955) were unable to demonstrate any activity in the abdominal 
muscles, which are powerful expiratory muscles, during quiet respiration. 
When pulmonary ventilation was greatly increased by various physiological 


stimuli, abdominal muscle activity could sometimes be demonstrated, 


but only towards the end of expiration. 
The potential energy available for expiration is greatest at the onset 


_ of expiration when the stretch of the elastic tissues is greatest, and it 


might reasonably be expected that if additional expiratory forces were 
required, they would occur in the later phases of expiration. The activity 
which we have demonstrated in the intercostal spaces is in the earlier part 
of expiration and it seems improbable, therefore, that it is expiratory in 
function. 


_ There is evidence that inspiratory forces are active during expiration. 


First, the absence of an abrupt rise in intrapleural pressure at the onset 
of expiration indicates that there is no sudden loss of inspiratory muscle 
activity. The mechanical relationships relevant to this argument are 
shown in Fig. 4. The horizontal co-ordinate represents intrapleural 
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pressure, and the vertical co-ordinate lung volume above the Functional 
Residual Capacity (F.R.C.). At the F.R.C. (which is assumed to be the 
volume of the thorax when no respiratory muscle activity is presen’)) 
the intrapleural pressure is due to two opposing forces, the passive recoil 
of the lungs attempting to reduce lung volume, and the recoil of the thorax 
attempting to increase thoracic volume. At the F.R.C. the magnitude 
of the pressure developed passively by each structure is equal and the 
resultant intrapleural pressure is represented by the point A (Fig. 4). 
When lung volume is increased, from O to F, by the application of an 
additional force by the inspiratory muscles, the recoil pressure of the 
lungs is increased (line AB), and that of the thorax, which moves towards 
its resting volume, is decreased (line AH). The pressure which is developed 
by the activity of the inspiratory muscles to produce the change in volume 
OF is therefore represented by the horizontal distance BH; and if at 
end-inspiration, inspiratory muscle activity were to cease abruptly, intra- 
pleural pressure would instantaneously rise by this amount, i.e. intra- 
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Intrapleural pressure 


Fig. 4. Diagram to show the relationships between change in lung volume (ordi- 
nate) and intrapleural pressure (abscissa) during natural expiration (BDA), and — 
completely passive expiration (BHA). . 


pleural pressure would rise from B to H. This does not occur, and the 
intrapleural pressure changes approximately as indicated by the line BDA. 
_ The loop ACBD during the respiratory cycle represents the work done 
against non-elastic resistances of the lung. The non-elastic resistances of 
the thorax are not known with any accuracy and are not represented in 
this diagram. With this last reservation the area ADBE (hatched) repre- 
sents the work done against the lung by the inspiratory muscles during 
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expiration. A further discussion of these relationships is given by Camp- 
bell (1958). | 
Secondly, Brody (1954) recorded the pneumotachogram of spontaneously 


- breathing normal human subjects and compared the expiratory part of 


the curves obtained with the passive expiratory level theoretically deduced 
by using the data of Rahn, Otis, Chadwick & Fenn (1946) and of Otis & 
Proctor (1948). This theoretical passive expiratory flow curve is in good 
agreement with actual curves recorded from paralysed human subjects 
(Kavan & Haddy, 1956). In order to explain the absence of agreement 
between the theoretical curves and the pneumotachogram in all except | 
the terminal 15-20% of the expiratory phase Brody suggested either 
(a) the presence of a resistance greater in early expiration than later, 
or (b) inspiratory muscle tonus which continues into the first part of 
expiration and then gradually decreases. The interruptor studies of Otis 
& Proctor (1948) suggest that the resistance is virtually constant during 
the earlier part of expiration and supports the concept that inspiratory 
tonus is present during expiration. 

The muscle activity which we have demonstrated electromyographically 
occurred in the same phase of expiration as the inspiratory activity pre- 
dicted by Brody (1954) and we conclude that it is inspiratory muscle 
activity opposing expiratory forces. 


SUMMARY 


1. Lower intercostal electromyograms were recorded synchronously 
with the pneumotachogram in six normal young male subjects during 
spontaneous respiration in the semi-recumbent posture. 

2. Intercostal muscle activity occurring during inspiration continued 
into expiration for a varying length of time. 

3. It is suggested from a consideration of the pressure-volume relation- 


ships of the thorax and from the shape of the expiratory flow curve that 


the activity recorded during expiration is acting to oppose rather than to 
aid the expiratory forces. : 
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IN URINE; KALLIKREIN AND UROKINASE . 
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The experiments of the present paper show that urine contains two 
enzymes capable of forming plasma kinin; one of these enzymes acts 
quickly and is probably identical with kallikrein, the other acts more 
slowly and is probably identical with urokinase. 

Kallikrein is the name given by Frey & Kraut (1928) to a non-dialysable 
depressor substance obtained from urine. This was later shown to be an 
enzyme capable of acting on plasma proteins to form a vasodilator and — 
smooth-muscle-stimulating polypeptide; this plasma kinin was originally 
called substance DK (Werle, 1937) and later kallidin (Werle & Berek, 1950). 

Urokinase is the name given by Sobel, Mohler, Jones, Dowdy & Guest 
(1952) to an activator of plasminogen, the precursor of the proteolytic 
enzyme plasmin (Astrup & Sterndorff, 1952). Subsequent work by Lewis & 
Work (1957) and Lewis (1958, 1959) has shown that plasmin and its 
activators form a plasma kinin when incubated with the pseudoglobulin 
fraction of plasma. Urokinase should therefore form plasma kinin by first 
activating plasminogen. The question thus arose whether urinary kalli- 
krein and urokinase were identical, both forming kinins by first activating 
plasminogen, The results show first a distinct difference in the rate of 
plasma kinin formation with the two enzymes. Secondly, the urokinase 
was weight-for-weight 300 times more potent in activating plasminogen, 
whereas the kallikrein was 40-50 times more potent in producing vaso- 
dilatation and about seven times more potent in contracting the dog’s 
ileum. 

METHODS 


Preparation of kallikrein. Pooled male human urine was added to 4 vol. acetone at 4° C. 
The precipitate was collected by filtration, dissolved in a small volume of water and dialysed 
against running tap water for 48 hr. The dialysed solution was then freeze-dried and stored — 
at 4° C, 

Urokinase was kindly supplied by Dr J. Ploug, of Leo Pharmaceuticals, Copenhagen, and 
was prepared by the method of Ploug & Kjeldgaard (1957). The essential steps of this 
procedure are pug stmt on silica gel, precipitation at pH 1-5, dialysis, and chromato- 
graphy on IRC-50. 
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The kallikrein and urokinase extracts were compared in the following tests: 

Plasma kinin formation. The enzymes were incubated with a pseudoglobulin solution at 
34° C, and samples from the incubated mixture were tested at intervals on the isolated 
guinea-pig’s ileum suspended in 15 ml. of Mg-free Tyrode solution at 34°C, The pseudo- 
globulin was prepared from dog plasma by (NH,),SO, fractionation: the fraction which 
precipitated between 33 and 46% saturation was dissolved in water, dialysed for 48 hr 
against running tap water and freeze-dried. For use the powder was dissolved in 0-9 % NaCl 
solution in a volume equal to the original volume of plasma. 

Perfusion of dog’s skin. Dogs were anaesthetized with pentobarbitone sodium 40 mg/kg. 
The two enzyme preparations were injected via the saphenous artery into a patch of skin 
prepared as has already been described for cats (Lewis, 1958). The outflow from the saphenous 
vein was recorded with a Gaddum 

Isolated dog’s ileum. The smooth lating activity of each enzyme preparation 
was tested on a 4cm segment of terminal ileum suspended in a 25 ml. bath of Tyrode 
solution at 34° C, containing atropine 10-*. 

Activation of plasminogen. When plasminogen is activated plasmin is formed, which is 
able to digest casein with the production of free tyrosine, giving rise to absorption in u,-v. 
light at 275 mp. The rate of plasminogen activation can therefore be estimated by mea- 
suring the increase in optical density at 275 my. 

Plasminogen was prepared from citrated human plasma by the method of Kline (1953); 
' and goat casein by the method of Miillertz (1955). The incubation mixture contained: 
' casein (3%, w/v), 3-5 ml., 0-1m phosphate buffer, 3-5 ml.; plasminogen 14 mg, and varying 
amounts of either kallikrein or urokinase. The mixture was incubated at 34° C, and 2 ml. 
samples were transferred at 0, 10 and 20 min to tubes containing 3 ml. of 1-7m perchloric 
acid. The precipitated proteins were separated by centrifugation and the increase in optical 
density of the supernatant at 275 my was measured in a Hilger Uvispek absorption 
spectrophotometer. 

Antiplasmin (antifibrinolysin, 6 u./mg) was a gift from Dr E. C. Loomis of Parke, Davis 
and Company. 


RESULTS 

Rate of formation of plasma kinin. When the two purified enzyme pre- 
parations were incubated with pseudoglobulin it was found that urokinase 
was a slow-acting enzyme and that kallikrein was a quick-acting enzyme. 
Thus, in the experiment of Fig. 1, on incubation of the kallikrein prepa- 
ration with pseudoglobulin maximum formation of plasma kinin occurred 
after 1-5min (Fig. 1A), but when the urokinase was incubated with 
pseudoglobulin, maximum formation occurred after 10 min, as is shown in 
Fig. 1B. 

To distinguish two enzymes by their rate of action is open to the 
criticism that the difference is due only to their concentrations. This 
criticism does not apply to these results, as is shown by the following 
experiment. Various concentrations of the, kallikrein (25; 50, 100 and 
200 yg/ml.) and of the urokinase preparation (250, 500 and 1000 pg/ml.) 
were incubated with a standard concentration of pseudoglobulin and the 
mixture was tested at various intervals of time. Although the time of 
maximum plasma kinin formation occurred later as the concentration of 
the kallikrein decreased, the maximum formation took not more than 
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10 min (Fig. 2). With the lowest concentration of kallikrein (Fig. 2.D) there — 
was little or no plasma kinin formation. On the other hand, when urokinase 
was similarly incubated with pseudoglobulin in various concentrations, 
increasing. the urokinase concentration occasionally decreased the time 
of maximal formation, although this did not occur before 30 min (Fig. 3). 


* _ Incubation time (min) 20 


Fig. 1. Guinea-pig ileum preparation suspended in 15 ml. of Tyrode solution. At P 
response to 20 wg of standard plasma kinin, at Ps 0-1 ml. pseudoglobulin solution. 
Contractions 3-7 produced by successive 0-1 ml. samples taken from an incubated 
mixture of 2 ml. pseudoglobulin solution with 2 mg kallikrein (A), and of 2 ml. of 
pseudoglobulin solution with 1 mg of urokinase (B). At 2, kallikrein 200 ug (A) 
and urokinase 100 yg (B). 


It is not possible to make an accurate comparison of the potencies of 
urokinase and the urinary kallikrein in forming plasma kinins because 
of the differences in the time of formation. But weight-for-weight the 
kallikrein preparation was usually more active than the urokinase 


preparation. 
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The plasma kinin forming activity of human urine can be readily 
explained in terms of these two plasma kinin forming enzymes. When 
freshly collected human urine (dialysed against running tap water for 
4-8 hr) was incubated with pseudoglobulin solution, the mixture developed 
smooth-muscle-stimulating activity within 1-5 min, reaching a maximum 


15 5 10 15 20 30 40 
Incubation time (min) 


Fig. 2. Contractions of the isolated guinea-pig ileum produced by successive 
_ samples containing pseudoglobulin solution 0-1 ml. and kallikrein A 200 yg, 
B 100 pg, C 50 yg and D 25 yg, incubated for times shown. 


at 5min. The amount of kinin in the incubation mixture was undi- 
minished after 30 min, despite the presence in pseudoglobulin of an 
enzyme which is known to inactivate the kinin (Fig. 4A). However, when 
the experiment was repeated in the presence of the plasmin inhibitor anti- 
plasmin (3 mg/ml.), the maximum activity was reached in 5 min, but 
subsequently the amount of kinin decreased and after incubation for 30 min 
had fallen considerably (Fig. 4B). These results can be explained by the 
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presence in dialysed urine of two enzymes: one a slow-acting plasma kinin 
forming enzyme (urokinase) which was inhibited by antiplasmin, and the 
other a quick-acting enzyme (kallikrein) which was resistant to antiplasmin. 
Perfusion of the dog’s skin. Arterial injection of both the kallikrein and 
the urokinase preparations caused vasodilatation in the dog’s skin. In the 
experiment illustrated in Fig. 5, dilatation of about the same order was 
obtained with 5 mg of the urokinase preparation and with 125 yg of the 
kallikrein. Usually the kallikrein was 40-50 times more active. 


15 5 20 30 40 70 90 
Incubation time (min) 
Fig. 8. Contractions of the isolated guinea-pig ileum to a mixture of peeudo- 
globulin solution 0-1 ml. and urokinase, A 250 ug, B 500 wg, and C 1000 yg; incu- 
bated for times shown. The mixtures in A and B were not tested at ey pola and 
90 min, and the mixture in C was not tested at 30 min. 


Isolated dog’s intestine. Both the kallikrein and the urokinase prepa- 
ration produced contractions of the isolated dog’s ileum. When the two 
preparations were compared the kallikrein was not fifty, but only seven, 
times as active as the urokinase preparation. There was, in addition, a 
qualitative difference in that the contraction due to urokinase was some- 
times steeper than that caused by the kallikrein (Fig. 6). It was observed 
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Incubation time (min) 
Fig. 4. Contractions of the isolated guinea-pig ileum produced by successive 
samples of 0-4 ml, taken from a mixture of dialysed human urine 3 ml. and pseudo- 
globulin solution 1 ml. (A) and from the same mixture with antiplasmin 3 mg/ml. 
(B), incubated for times shown. 


« B.P. (mm Hg) Venous outflow (drops/min) 


Fig. 5. Venous outflow from skin of hind limb (upper tracing) and arterial blood 
pressure (lower tracing). Dog, 14kg, sodium pentobarbitone anaesthesia 
(40 mg/kg). At (a) 5 mg urokinase and at (b) 125 yg kallikrein injected arterially. 
Time, 30 sec. z 
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that this tissue responded slowly even to very large doses of kallikrein 
(5-10 mg). 

Plasminogen activation. The results shown in Fig. 7 confirm the fact that 
urokinase is a potent activator of plasminogen; on the other hand, kalli- 
krein was about 300 times less active in this respect. The low activity was 
not due to the presence in the kallikrein extract of an inhibitory substance, 
since it did not inhibit the action of small doses of the urokinase preparation 
when mixed with it. In the absence of plasminogen neither the urokinase 
preparation nor the kallikrein caused hydrolysis of casein, as measured by 
the optical density at 275 my. 


A 
Fig. 6. Isolated dog’s ileum suspended in 25 ml. of atropinized (10-*) Tyrode 
solution. At (A) kallikrein 250 ug and at C 500 ug; at B urokinase 5 mg. The drugs 
were in contact with the tissue for 2 min and injections were repeated at 15 min 
intervals, 


B C 


0-4 


Optical density at 275 my 
w 


0 
Time (min) 
Fig. 7. Spectrophotometric measurements of the activation of plasminogen to 


plasmin by urokinase, in concentrations shown; and by ikrein, 
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DISCUSSION 


The present experiments show that human urine contains two enzymes 
which form plasma kinins on incubation with pseudoglobulin. They differ 
in their rate of kinin formation. One is a relatively quick-acting, the other 
a relatively slow-acting enzyme. In the kallikrein preparation from urine 
the main activity is due to the quick-acting enzyme, whereas the action of 
the urokinase preparation is due to the action of the slow-acting enzyme. 
In these experiments only partially purified urinary extracts have been 
used, and the presence of a small amount of the slow-acting enzyme in the 
kallikrein, and vice versa, is not excluded. 

It is clear from the assays of the two principles on various preparations 
that their effects cannot be due to the same active substance. As a vaso- 
dilator kallikrein was 45 times more active than urokinase, but for plasma 
_ kinin formation the activity ratio of kallikrein to urokinase was less than 
7. As an activator of plasminogen kallikrein had only 1/300th of the 


activity of urokinase, but in stimulating the dog’s isolated intestine kalli- 


krein was about seven times more active. 

_ Since the procedure for extracting kallikrein from urine did not include 
any step designed to inactivate the urokinase, it was possible that the 
plasminogen-activating action of the kallikrein extract is due to the 
presence in it of traces of urokinase. On the other hand, the preparation 
of the urokinase involved precipitation at low pH, which would inactivate 
most if not all the kallikrein (Frey, Kraut & Werle, 1950). 

If small amounts of kallikrein did escape destruction they might be 
sufficient to account for the vasodilator action of the urokinase extract. 
The finding that the latency and ti~e course of the vasodilatation produced 
by the two extracts do not differ might be regarded as evidence in support 
of this. Urokinase has a slower action than kallikrein in forming kinins 
in vitro; if it is assumed that the vasodilatation following injections of 
these substances is due to the production of kinins in vivo, then urokinase 
would be expected to have a slower vasodilator action. 

Plasmin, or plasminogen with an activator, will form plasma kinins hen 
incubated with pseudoglobulin. The formation proceeds slowly and can be 
inhibited by antiplasmin (Lewis, 1958). Since urokinase also forms kinins 
slowly and since it is a potent activator of plasminogen, it seems likely that 
it forms kinins by first activating plasminogen to plasmin. In contrast, 


kallikrein forms kinins more quickly and since it has been shown-to have 


negligible, if any, plasminogen-activating action and is not antagonized by 
_ antiplasmin, it probably acts independently of the plasminogen system. It is 
concluded that the two urinary fractions, urokinase and kallikrein, are not 

_ identical but are capable of forming plasma kinins by different mechanisms. 
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SUMMARY 


1. Partially purified extracts of urokinase and kallikrein have been 
compared by parallel assays. Urokinase was 300 times more potent as a 
plasminogen activator, whereas kallikrein was 40-50 times more potent as 
a vasodilator and 7 times more potent as a smooth-muscle stimulator. It 
is concluded that the two active principles are different. 

2. Urokinase forms a plasma kinin when incubated with pseudoglobulin. 
This reaction proceeds slowly, is inhibited by antiplasmin, and is probably 
due to the activation of plasminogen to plasmin. 

3. Kallikrein forms plasma kinins more quickly and is thought to act 


independently of the plasminogen — 
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THE EFFECT OF INTRA-ARTERIAL ATROPINE ON BLOOD 
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(Received 27 May 1959) 


The hypoglycaemic reaction following moderate doses of insulin is normally 


accompanied by an increased blood flow through the forearm and also, in the 
majority of subjects, an increased flow through the hand (Abramson, Schkloven, 
Margolis & Mirsky, 1939). At present the cause of this increase in peripheral 
blood flow is not completely understood. Studies with a heat-flow ‘sonde’ 
have shown that cutaneous blood vessels as well as those in muscle participate 
in the vasodilatation in the forearm (Allwood, Hensel & Papenberg, 1959). 
Regional isotope-clearance experiments have indicated that the major part 
of this increase in blood flow to forearm skin is mediated by a vasodilator 
mechanism rather than by release of vasoconstrictor tone (Allwood, Birchall 
& Staffurth, 1958). This suggested the possibility that sweat-gland activity 
may play a part in causing the increased cutaneous blood flow, for sweating 
is usually a prominent feature in insulin hypoglycaemia, and it has’ recently 
been shown that the major part of the active vasodilatation in forearm skin 
during indirect heating is produced by bradykinin resulting from sweat-gland 
activity (Fox & Hilton, 1958): The object of the experiments which are now 
reported was to see whether blockade of sweat-gland activity modified the 
vascular response to insulin hypoglycaemia in the hand and forearm. 


METHODS 


The subjects were healthy medical students of both sexes. They lay recumbent wearing indoor 
attire, and covered with a blanket, in a room maintained at 22-24° C. Subjects of experiments 
performed in the morning had fasted since the previous evening; those in afternoon experiments 
had not eaten since breakfast. Hypoglycaemia was produced by an I.v. injection of soluble insulin, 
0-1 iu./kg body weight. An indwelling needle was placed percutaneously in the brachial artery of 
one side and kept patent throughout the experiment by a continuous infusion of physiological 


saline at a rate of 1 ml./min. Substances to be given intra-arterially were injected through the 
indwelling needle by hand. 
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In other experiments, on non-fasting subjects who were not given insulin, adrenaline was 
infused intravenously via a further indwelling needle placed in a superficial vein in the opposite 
arm. This was kept patent by a constant infusion of saline at 3 ml./min. 

_ Blood flow was measured in both hands, or in both forearms, under standard conditions by 

means of water-filled venous occlusion plethysmographs (Barcroft & Swan, 1953). The pulse rate 
was recorded at intervals, as was the presence or absence of visible sweating, while in a minority of 
. the experiments the skin resistance was measured intermittently at corresponding sites on the 
control and treated limbs. 

Procedure.. Blood-flow determinations were made at 4 min intervals, with occasional pauses to 
release the arterial occlusion cuff at the wrist in experiments on the forearm. After obtaining 
control values for about 10 min the subject was given intra-arterial atropine sulphate 0-5 mg 
over 1 min into the treated arm. Booster doses of atropine were given 10-15 min later and again 
20-25 min later. Midway between the first and second injections of atropine the subject received 
soluble insulin 0-1 i.u./kg1.v. Approximately 25 min after the injection of insulin (and 10 min 
after the final dose of atropine) the subject developed a moderate hypoglycaemic reaction. Re- 
cording continued until 45-50 min after the insulin injection, by which time the subject was 
usually recovering spontaneously from hypoglycaemia. - | 


RESULTS 
Dosage of atropine to abolish unilateral sweating 
Preliminary experiments were first carried out to find the optimum dosage of 
- atropine which, when given into the brachial artery, effectively blocked sweat- 
gland activity on the treated limb while not affecting sweating over the rest 
of the body. Rather larger doses of atropine were found to be necessary than 
were used by Gaskell (1956a). There was some variation in the response 
between subjects but in general local sweat-gland activity during hypo- 
glycaemia was not completely abolished with less than 1 mg atropine, as 
judged by changes in the skin resistance. A total dosage greater than 1-5 mg 
atropine caused definite systemic effects. A total of 1-25 (or 1-5) mg atropine 
was therefore chosen for use in these experiments and given in divided doses _ 
of 0-5, 0-5 and 0-25 (or 0-5) mg. This often caused some dryness of the mouth 
and increase in heart rate, but further increase in the heart rate during hypo- 
glycaemia was not masked, nor did generalized sweating appear to be affected. 


Effect of atropine on forearm blood flow during insulin hypoglycaemia 
Blood flow in the forearm during hypoglycaemia was measured in ten — 
subjects who received atropine in the above dosage; but in two experiments 
sweating was not abolished in the treated limb and these results are excluded. 
Intrabrachial atropine had no effect on the resting level of blood flow in the 
treated forearm compared with that in the control side. With the onset of 
insulin hypoglycaemia there was invariably an increase in blood flow to 
both forearms. The increase commenced simultaneously on both sides; 
there was never any delay on the atropinized side. Results in a typical experi- 
ment are shown in Fig. 1. In seven experiments out of eight the vasodilatation 
was less on the atropinized side. In one experiment the vasodilatation was 
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smaller on the control side, but this subject had the mildest hypoglycaemic 
reaction in the series and neither of the increases in blood flow—31% on 
the control side and 44% of the atropinized side—is striking. Results for all 
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Fig. 1. The effect of 10 i.u. insulin 1.v. at the second arrow on blood flow in the control (©) and 
atropinized (@) forearms. A total of 1-25 mg atropine was given into the brachial artery 
of the treated side in three divided doses as indicated (At). 
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Fig. 2. The effect of insulin hypoglycaemia on blood flow in the control forearm (()) and atro- 
pinized forearm (@) in eight experiments. Each rectangle represents the average blood flow 


over 15min during hypoglycaemia, calculated as a percentage of the average flow over 
15 min preceding hypoglycaemia. 


Forearm blood flow (%) 


forearms are shown in Fig. 2. For the group as a whole there was an average 
increase in forearm flow of 106% on the treated side compared with 174% 
on the control side, a difference which is significant (P > 0-05). 
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Effect of atropine on hand blood flow during insulin hypoglycaemia 
Hand blood flow during insulin hypoglycaemia was followed in eleven experi- 
ments on ten subjects who received intrabrachial atropine. After intra- 
arterial atropine there was no change in the resting level of blood flow in the 
treated hand. With the onset of the hypoglycaemic reaction there was usually 
an increase in blood flow to both hands. In two experiments the onset of this 
vasodilatation was delayed on the atropinized side. In two further experi- 
ments there was little alteration in blood flow in either hand. The vasodilata- 
tion was usually smaller on the atropinized side, but differences between the 
control and treated sides were less in the hand than in the forearm. Results 
in the individual experiments are shown in Fig. 3. The average change in hand 
blood flow during hypoglycaemia was an increase of 75% on the atropinized 
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Fig. 3. The effect of insulin hypoglycaemia on blood flow in the control hand (()) and 
atropinized hand (™) in eleven experiments. Conventions as in Fig. 2. 


Hand blood flow (%) 


side compared with 108% on the control side. This difference is not — 
at the 5% level. 

In view of the possible relationship between sweat-gland activity and cutane- 
ous blood flow the results in the hand have been diyided into two groups, 
(a) those in subjects with visible sweating during hypoglycaemia, (b) those in 
subjects without visible sweating. The first group consisted of six subjects, 
while four subjects (five experiments) made up the latter group. The groups 
are small but there did not appear to be any obvious difference in their response 
to hypoglycaemia following atropine. Itis interesting, however, that of the five 
subjects whose hand blood flow in the control limb exceeded 20 ml./100 ml./min 
during hypoglycaemia, four belonged to group (a). 


Effect of atropine on forearm response to intravenous adrenaline 
Although it seemed probable that differences between the behaviour of 
the control and atropinized limbs were due to blockade of cholinergic nerve 
fibres, one other possibility had to be excluded. This was, that prior atropi- 
nization altered the response of forearm blood vessels to circulating adrenaline, 
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which is increased daring insulin hypoglycaemia (von Euler & Luft, 1952; 
Holzbauer & Vogt, 1954). We had no a priori reason for believing that this 
was so, nor did evidence in the literature suggest ‘this. However, we could 
find no experiments in man which definitely excluded this hypothesis. Experi- 
ments were therefore carried out to test it. 

In four subjects, who had previously been studied, an intravenous saline 
infusion was started and after a control period the response to intravenous 
adrenaline 10 ,g/min for 10 min was recorded in both forearms. Atropine 


18 


(b) | 


10 


Blood flow (mi./100 ml./min) 


| | | 
Adr 10 g/min Adr 

Fig. 4. The effect of 1.v. adrenaline 10 yg/min for 10 min on blood flow in the control (©) and 

treated (@) forearm; (a) before and (b) after intrabrachial injection of 1-25 mg atropine on 

the treated side. Points represent the average of four experiments. A continuous intravenous 

infusion of saline was given throughout the experiments; the interrupted vertical lines mark 


the periods of 10 min during which, unknown to the subject, adrenaline 10 yg/min was added 
to the infusion. 


was then given into the brachial artery in the same dosage and at the same 
intervals of time as in the previous series. At a time corresponding to the 
onset of insulin hypoglycaemia, i.e. about 10 min after the final intra-arterial 
dose of atropine, the intravenous infusion of adrenaline 10 g/min for 10 min 
was repeated. There was no difference between the response of the atropinized 
forearm to circulating adrenaline and that on the control side. It therefore 
appeared that the lessened vasodilatation in the atropinized forearm during 
hypoglycaemia was not due to any change in sensitivity of the tissues to 
circulating adrenaline. These experiments are summarized in Fig. 4. 
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A further control experiment showed that atropine sulphate in the dosage 
used (0-5, 0-5+ 0-25 mg 1.4.) completely abolished the vasodilator response in 
the forearm to an intrabrachial injection of 16 wg acetylcholine, which nor- 
mally caused a forearm vasodilatation comparable with that occurring — 
insulin hypoglycaemia. 

DISCUSSION 

These experiments show that vasodilatation in the forearm Pai insulin 
hypoglycaemia is lessened after local administration of atropine. This indi- 
cates that a cholinergic vasodilator mechanism is normally involved. Two 
such mechanisms have been described in man. Activation of cholinergic 
vasodilator nerves, probably to muscle, has recently been demonstrated during 
emotional stress by Blair, Glover, Greenfield & Roddie (1959). Vasodilatation 
in forearm skin during indirect heating (Grant & Holling, 1938) has now been 
shown to depend on activation of a vasodilator polypeptide resulting from 
sweat-gland activity (Fox & Hilton, 1958). It is believed that the latter 
mechanism, or something similar, is involved in our experiments. The evidence 
for this is twofold. First, isotope clearance studies have shown that an increase 
in flow occurs in forearm skin during hypoglycaemia, and that this is not. due 
simply to release of vasoconstrictor tone but that an active vasodilatation is 
involved (Allwood et al. 1958). Secondly, in two experiments, excluded from 
analysis because 1-5 mg atropine 1.4. failed to abolish local sweating, there 
was no reduction in the vasodilatation during hypoglycaemia in the treated 
limbs compared with that in the control limbs. The dosage of atropine may 
also suggest that sweat-gland activity was involved, for 1-5 mg atropine 1.4. 
would be expected to block cholinergic weseintce fibres to muscle (8. M. 
Hilton, personal communication). 

Roddie, Shepherd & Whelan (1957) and Fox & Hilton (1958) showed that 
the increase in forearm blood flow during indirect heating was delayed, but 
_ not abolished, by a smaller dose of atropine (0-3 or 0-4 mg) given into the 
brachial artery. We found no delay in the increase in forearm flow during 
hypoglycaemia after atropine, but only a diminution in the amount of vaso- 
dilatation. This suggests that some other factor is present during hypoglyc- 
aemia, and is responsible for the vasodilatation which occurs from the onset 
of the reaction in the atropinized forearm. This is in agreement with previous 
work, for it is known that adrenaline is released in man during insulin hypo- 
glycaemia (von Euler & Luft, 1952; Holzbauer & Vogt, 1954), and also that 
sympathetic activity and circulating adrenaline are both involved in forearm 
vasodilatation at this time (Allwood, Ginsburg & Paton, 1957). 

The major part of the vasodilatation in the forearm during insulin hypo- 
glycaemia was unaffected by atropine. If it is assumed that this occurs in 
forearm muscle, while the lesser (cholinergic) portion occurs in cutaneous 
vessels, then by using the proportions of skin and muscle in the forearm given 
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by Cooper, Edholm & Mottram (1955) it can be calculated that the average 
cutaneous blood flow in the intact forearm increased from approximately 
3 ml./100 ml./min to approximately 16 ml./100 ml./min during hypogly- 


caemia, an increase similar to that found in the skin by Cooper et al. during | 


indirect heating. 

The absence of any change in forearm blood flow following intrabrachial 
adininistration of atropine in such relatively large dosage, until the onset of 
the hypoglycaemic reaction, indicates that forearm blood vessels are under 
no degree of cholinergic ‘tone’ at rest. Likewise the absence of any change in 
the resting blood flow to the hand, until the onset of hypoglycaemia, indicates 
that these vessels also are under no degree of cholinergic tone. These findings 
are similar to those of Gaskell (1956a), although the dose of atropine which he 
gave into the brachial artery, and which appeared to abolish sweating, was, 
in our experience, often inadequate. 

The failure of intra-arterial atropine to cause a sighibicant reduction in the 
vasodilatation in the hand during hypoglycaemia, even though sweat-gland 
activity was abolished, indicates that cholinergic vasodilator fibres can play 
little part in the vasodilatation in this area. This is in agreement with previous 
studies on the control of blood vessels in the normal hand ; e.g. Gaskell (19565) 
has shown that the increase in hand blood flow on indirect heating is due 
entirely to release of vasoconstrictor tone. However, in two of our experiments 
there was a delay in the onset of vasodilatation in the treated hand, and a 
slight diminution of the vasodilatation during hypoglycaemia was seen in the 
atropinized hand in other experiments. Roddie et al. (1957) also describe a 
lessened vasodilatation in the atropinized hand in three out of five subjects 
on indirect heating. The observation in the present series, that blood flow in 
the control hand tended to be greater in subjects who perspired freely during 
hypoglycaemia than in those who did not, could be dismissed because of the 
smallness of the samples, were it not for the fact that particularly high levels of 


blood flow have recently been demonstrated in the hands of some hyper- 


hidrotic patients with emotional sweating during mental stress (Allwood, 
Barcroft, Hayes & Hirsjairvi, 1959). It therefore appears that in spite of the 
elegant experiments of Warren, Walter, Romano & Stead (1942); Sarnoff 
& Simeone (1947); Arnott, & MacFie (1948) and Gaskell (19566), which point 
_ to the contrary, the possibility must still exist that under certain circum- 
stances vasodilator fibres play a small part in increasing hand blood flow. 


SUMMARY 


1. Blood fiow was measured in both hands or both Reiicaiied of normal sub- 


jects by venous occlusion plethysmography before and after the administra- 
tion of atropine into the brachial artery of one side. 


2. Intrabrachial atropine had no effect on the resting blood flow in the 
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hand or in the forearm. Cholinergic vasomotor activity at rest is therefore 
absent in these areas. 


3. During hypoglycaemia following intravenous injection of insulin the blood 


flow increased in both forearms, but the increase was significantly less in the © 


atropinized than in the control forearm. 
4. There was no significant difference between the increase in blood flow 


during hypoglycaemia in the control and treated hands. The possibility that 


cholinergic vasodilator fibres play a minor part in this reaction is discussed. 
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CONSCIOUS APPRECIATION OF THE EFFECTS PRODUCED BY 
INDEPENDENT CHANGES OF VENTILATION VOLUME AND 
OF END-TIDAL pCO, IN PARALYSED PATIENTS 


By L. H. OPIE,* A. C. SMITH anv J. M. K. SPALDING 


From the Nuffield Department of Anaesthetics, and the Respiration 
Unit, Department of Neurology, United Oxford Hospitals 


(Received 17 June 1959) 
In the normal subject changes in end-tidal carbon dioxide tension 


(pCO,) are accompanied by changes in ventilation, and it is difficult to 
assess the conscious appreciation of either independently. It is, however, 


practicable to do this in patients whose respiratory muscles have been 


paralysed by disease, and this communication reports the nan of such 
an assessment. 
METHODS | 

The patients were severely paraiysed by poliomyelitis. Each received artificial ventila- 
tion from a Radcliffe respiration pump (Russell, Schuster, Smith & Spalding, 1956) through 
a cuffed tracheotomy tube (Spalding & Smith, 1956) which provided an air-tight seal in the 
trachea. The expired tidal volume was measured over 10 breaths at room temperature with 
a Parkinson & Cowan type CD gas-meter. The respiratory frequency was 16 per minute. 

End-tidal samples were obtained by a mechanical sampler (Smith, Schuster & Spalding, 
1959) and pCO, was determined by a continuous flow-bridge analyser (Cunningham, 
Cormack, O’Riordan, Jukes & Lloyd, 1957). The end-tidal pco, was raised by adding CO, to 


the inspired air, and the tidal volume was altered by varying the inspiratory pressure. The 


controls for making these changes were hidden from the patient. 

Throughout the examination the patient. was asked to report any unusual sensations. 
Shortness of breath was the sensation in which we were particularly interested, but ques- 
tions about this were specifically avoided. | 


RESULTS 


Six patients with vital capacities varying from nil to 450ml. were | 


_ examined on ten occasions. The patients had a low initial end-tidal pCO, , 
average 20 mm Hg (Table 1), as is often found in patients receiving con- 
tinuous artificial respiration. When carbon dioxide was added to the in- 
spired air, the patient did not notice any shortness of breath until the 
end-tidal pCO, had risen an average of 18 mm Hg, to 38 mm Hg, a level 
which was reached after 5-50 min. The patient then very rapidly felt 


short of breath, and this feeling was so intense that he demanded immedi- 
ate relief. 


* Rhodes Scholar, Lincoln College, Oxford. 
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On four occasions the patient was ventilated with air and the tidal 
volume (Vy) was reduced by adjusting the respiration pump. The end- 
tidal pCO, rose and the patient felt short of breath after an average rise of 
only 6mm Hg. The discomfort was often less extreme than when OO, 
was added to the inspired air and the patients were able to tolerate it for 
a period of minutes. Each patient was then ventilated with oxygen in 
place of air, and their sensation of shortness of breath remained unaltered. 


TaBLE 1. Respiratory frequency 16/min throughout 


Levels at which patient felt short 
of breath 
CO, added to 
Original inspired air V; reduced 
Rise Rise 
Vital i in 

Date city Vey Vey (mm* (mm Ve 
Subject Sex Age (1958)  (ml.) (ml.) Hg) (ml.) Hg) Hg) (ml.) Hg) Hg) 


J.0 F 27 APr195 900 525 17 525 32+ 15+ 312 25 

450 650 22 735 38 11 590 24 

Average 541 20 567 38 18 400 26 


-Figure 1 shows an example in which the patient was rendered short of 
breath by both methods. Figure 2, derived from Table 1, shows the relation- 
ship between tidal volume and end-tidal pCO, when the patients felt short 
of breath. All tolerated a higher pCO, when the tidal volume was higher. 


DISCUSSION 


These observations indicate that the sensation of shortness of breath 
in well oxygenated patients is affected by two factors, the end-tidal pCO, 
on the one hand and the ventilation (tidal volume) on the other. The 
addition of carbon dioxide to the inspired gases produces a severe sensa- 
tion of shortness of breath after an average rise of end-tidal pCO, of 
18mm Hg, to 38 mm Hg. A similar phenomenon is found in normal 
subjects who have become acclimatized to the overventilation that occurs 
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at high altitudes. Provided that such subjects are adequately oxygenated 
they can hold their breath until the end-tidal pCO, has risen an average of 
16 mm Hg (Rahn, Bahnson, Muxworthy & Hagen, 1953). The end-tidal 
pCO, is then little above that which normally obtains at sea level. 

The alveolar gas composition, however, is not the only factor deter- 
mining the length of breath-holding, as Fowler (1954) has demonstrated. 
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Fig. 1. End-tidal pCO, and tidal volume in patient S.M. (F, 34, poliomyelitis; vital 
capacity nil). Shortness of breath was induced by reducing tidal volume (A) and 
by adding CO, to inspired air (B). «——-> = ‘short of breath’. 


Untrained subjects held their breath as long as possible, and were then 
allowed to breathe a gas mixture whose pO, and pCO, approximated re- 
spectively to the subjects’ arterial pO, estimated by ear oximeter,"and to 
the end-tidal pCO,. The subjects experienced sufficient relief to resume 
breath-holding for a further .period. This experiment suggests that a 
factor related to respiratory movements modifies the subjects’ sensations 
in these circumstances. | 

In those of our patients whose tidal volume was reduced, shortness of 


breath was experienced at an average end-tidal pCO, of 26 mm Hg, — 
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12 mm Hg below the level that causes shortness of breath when the tidal 
volume is unaltered. This sensation, moreover, persists even when the 
patient inspires pure oxygen. This eliminates hypoxia as the cause of the 
shortness of breath, for the alveolar-arterial oxygen gradient is little dis- 
turbed during mechanical artificial ventilation (Campbell, Nunn & 
Peckett, 1958). The sensation of shortness of breath is not therefore 
attributable either to oxygen lack or to the CO, tension by itself. The 


Rise in end-tidal pCO 


200 300 400 500 600 700 800 

(mi.) 
Fig. 2. Relationship between tidal volume and rise in end-tidal pCO,, when patients 
felt short of breath. @, J.0., O, C.H., A, J.G., A, R.R., Se gw, P.B., 


xX, average. 


remaining variable is the ventilation, changed in these experiments by 
alterations in the tidal volume, and in any one patient the greater the 
tidal volume the greater the rise in end-tidal pCO, which is required to 
produce shortness of breath (Fig. 2). 

Parallel observations have been made by other workers observing 
paretic patients and normal subjects over a wide range of end-tidal pCO, . 
Mithoefer, Stevens, Ryder & McGuire (1953) examined subjects who re- 
breathed at a specified frequency from a bag containing various propor- 
tions of O,, CO, and N,. When hypoxia was absent, the larger the bag the 
higher the CO, tension that the subjects could tolerate without departing 
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from the specified frequency. Affeldt, Collier, Crane & Farr (1955) 
showed that paretic patients receiving artificial respiration in a tank 
respirator became short of breath at lower end-tidal pCO, than that which 
they maintained for themselves-when breathing spontaneously. © 
Mithoefer et al. (1953) attributed their findings to increased stimulation 
of stretch receptors in the chest with larger tidal volumes, and Affeldt 
et al. (1955) also believed that the stimulation of stretch receptors by the 
tank respirator was important in their observations, though they were 
unable to offer any precise explanation of them. There is, however, an 
alternative explanation of the sensation of shortness of breath. Stimuli 
acting on the respiratory centre normally cause it to discharge at a certain 
frequency and intensity. In many circumstances which are accompanied 
by shortness of breath the discharge of the respiratory centre is less than 
that dictated by the stimuli acting on it, and it is possible that it is this 
disparity that causes the sensation of shortness of breath. If this is so, 
discharge of the respiratory centre will in itself give relief from shortness 
of breath. In our patients, however, there was lower-motor-neurone 


paralysis of the respiratory muscles. The respiratory centre was therefore | 


free to discharge at any frequency and intensity, and this freedom was 
unaffected by changes in ventilation (tidal volume). Increases in ventila- 
tion in our patients must therefore provide relief by affecting directly the 
afferent, not the central or efferent side of the respiratory reflex arc, in 
short, by stimulation of stretch receptors in the lungs or chest wall. The 


afferent impulses that result modify the effect of chemical stimuli on the 


conscious appreciation of the adequacy of ventilation. 


SUMMARY 


1. Six patients, paralysed by poliomyelitis and with vital capacities 
varying from nil to 450 ml., were examined on ten occasions. They were 
chronically over-ventilated with an average end-tidal pCO, of 20 mm Hg. 
When CO, was added to the inspired air at a constant tidal volume, the 
patients felt short of breath after an average rise in end-tidal pCO, of 
18 mm Hg. When, however, the patients received room air or oxygen and 
the tidal volume was reduced they felt short of breath after an average 
rise in end-tidal pCO, of only 6 mm, Hg. 

2. Itis concluded that a factor other than pO, and pCO, is implicated in 
producing the sensation of shortness of breath, and this factor i is related to 
the ventilation (tidal volume). It is argued that the effect of chemical 
stimuli on the conscious appreciation of the adequacy of ventilation is 
modified by stretch receptors in the lungs and chest wall. 
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OXYGEN CONSUMPTION AND BODY TEMPERATURE IN 
NEW-BORN KITTENS SUBJECTED TO HYPOXIA 
AND REOXYGENATION 


By R. E. MOORE 


Department of Physiology, Royal Free Hospital School of Medicine, 
London, W.C. 1 


(Received 8 July 1959) 


Hypoxia is a risk common to all mammals from the early foetal state onwards. 
Its causes are many and varied but if the species is to survive, then hypoxic 
episodes must be overcome or tolerated. The adult is intolerant of hypoxia 
beyond a certain degree but can take some active steps to help itself. The 
foetus is perforce tolerant of hypoxia, having but a limited control over its 
environment. The new-born mammal is in a state of transition which varies 
considerably from species to species according to the degree of maturity 
achieved before parturition. 

The new-born kitten is relatively immature in many ways, having poor 
locomotive powers and no vision for several days, whereas an animal such as 
the lamb has both these well developed and operating within an hour or two 
of birth. The kitten is of small size and is more liable to thermal instability, 
a factor which may well operate in its favour. Interspecies comparisons must 
therefore be made with due, caution. 

An attempt has been made in the experiments to be described to relate 


oxygen consumption, degree of hypoxia, and thermal balance to degree of 


maturity for the first 3 weeks of life in the kitten. Some of the work has been 
' described briefly elsewhere (Moore, 19564, b, c) and all of it stems from the 
observation of Cross, Tizard & Trythall (1955), that the unanaesthetized new- 
born human baby reduced its oxygen consumption in response to hypoxia. 
This response has been confirmed in the unanaesthetized young of other 
species, puppies (Moore, 1956a); kittens (Moore, 19565, c; Hill, 1958). It was 
observed in mice (Fitzgerald, 1953) but only towards lethal pO, levels. Adult 
homoeotherms tend to increase their oxygen consumption in hypoxia, pre- 
sumably because of the extra metabolism involved in the greater respiratory 
effort engendered by chemoreceptor stimulation (Pugh, 1957). 
__ Under controlled ventilation and neuromuscular blockade, however, it has 
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been demonstrated (Branscomb & Wright, 1952) that hypoxia may lead to a 
reduction of QO, consumption in the adult man, but not in any reproducible or 
predictable manner. The resistance of the new-born mammal to anoxia has 
been demonstrated by many workers (e.g. Fazekas, Alexander & Himwich, 
1941; Adolph, 1948; Glass, Snyder & Webster, 1944; Hellman, 1953): low 
cerebral metabolic rate, poikilothermia, anaerobic metabolism with greater 
tolerance of low pH in body fluids have all been put forward in explanation, 


METHODS 


Animals, Thirty new-born kittens, delivered naturally with no interference and born on the 
premises, were used. No information as to their lineage was usually available, but no kitten was 
used where there was any obvious abnormality or infection of either kitten or its mother. Litter- 
mates were used where possible. The mother and her litter were housed in an individual cage in 
the animal house or research laboratory at ordinary indoor temperatures of about 18° C. The 
mother was fed on the routine mixed diet of high protein content containing liberal amounts of 
cooked fish, meat and milk. The mothers did not object to removal of the kittens so long as they 
were used to the people involved, and accepted them back at the end of the experiment. Wherever 
possible, however, the mother was not deprived of the whole litter at any one time. The kittens 
entered the metabolism chambers straight from the mother or via a warm box with a hot water 
_ bottle at about 35° C, care being taken not to leave them exposed. 3 

Metabolism chambers. These were made of cast brass of the Richards & Collison (1928) pattern, 
modified in minor ways. An air- and water-tight fan shaft penetrates the chamber roof and the 
fan speed was kept constant at about 1400 rev/min in order to keep the carbon dioxide removal 
constant. Small errors can otherwise arise due to variations in the standing percentage of CO, 
and consequent variations in the rate of admission of oxygen. So long as temperature and CO, 
percentage remain constant, the pressure within the chamber falls solely by reason of oxygen 

utilization by the animalwithin. This drop in pressure causes admission of oxygen to the chamber 
via an oil-filled demand valve which operates at a pressure drop of about 2mm H,0, allowing a 
bubble of oxygen to pass. This oxygen is taken from a stream of high purity (99-7%) oxygen 
flowing slowly at a constant rate from a supply cylinder along a long (6-8 ft.; 1-83-2-44 m) wide- 
bore (1~1} in.; 2-5-3-8 em) tube to atmosphere. At a flow rate of 500 ml./min the difference in 
pressure between the supply points and atmosphere is negligible (less than 1 mm H,0). The passage 
of a bubble of oxygen across the demand valve is accompanied by a sudden rise of pressure within 
the chamber, followed by a slow fall as oxygen is consumed. These pressure fluctuations were 
recorded on a kymograph by a sensitive tambour, thus giving the rate of bubbling and hence of 
oxygen consumption. The bubbles were of the order of 1 ml. each and each oil valve could be 
calibrated to an accuracy of +1%. Care must be taken in calibration to allow both for rate of 
bubble flow and also for the increase in volume of the system if mercury aspiration and weighing 
is used to withdraw air from the chamber. Withdrawal of sufficient air to promote the formation 
of 10-15 bubbles did not cause any appreciable error from the latter cause with chamber volumes 
of about 2700 ml. The size of bubble tended to increase about 4% as flow rate doubled, but this 
could be allowed for by constructing a calibration curve for each valve. 

Basal metabolism. The tambour record, in addition to following oxygen entry, is distashed by 
animal movements and respiration, which cause transient pressure fluctuations within the chamber. 
These only rarely render the bubble trace unreadable, and can be used to gauge activity of the 
animal, It is therefore possible to distinguish between periods of activity and rest and hence make 
an estimate of basal metabolic rate (B.M.R.). This was done wherever possible according to the 
following convention, which was used by Gaddum (1930). A total time of 20 min was assembled, 
usually of four periods of 5 min, picked out with dividers from those periods showing no disturb- 
ance of the record due to movement, and giving the lowest rates of oxygen consumption. As the 
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intervals between bubbles can be split visually into tenths or even twentieths at flow rates of the 
order of 2-5 ml./min, accuracy was better than +1% in a 5 min period. The lowest aggregate of 
20 min was used for B.M.R. calculation, the elements of this aggregate usually agreeing to within 
+3%. It is essential to keep weil clear of active periods, as oxygen consumption can apparently 
drop below the basal rate early in activity, owing perhaps to an evanescent rise in air temperature 
inside the chamber. 

Temperature measurements. Copper—Eureka thermocouples (30-32 s.w.a. \ were used to measure 
rectal and skin temperatures. The rectal junctions were lubricated with liquid paraffin and passed 
1}-2 cm within the anus. Skin junctions were soldered to a circle of copper foil of 2 mm diameter 
’ and held in position, normally in a shaved area in the middle of the back, by a single encircling 
band of } in. adhesive tape. The leads were taped to the animal’s tail and terminated in miniature 
plugs leaving some 9 in. free to enable the animals to move around. The leads through the chamber 
roof were 15-16 s.w.a. and passed through about | in. solid rubber into a Perspex rod. The leads 
from the reference junction in the water-bath ran into the side of the Perspex rod, at the top of 
which was fixed a jack plug to allow connexion with the galvanometer. 

Temperature-control. The whole metabolism chamber and oil valve was immersed in a pump- 
circulated water-bath kept constant to +0-005° C. In order to obtain rapid temperature equi- 
librium at the beginning of an experiment, the chambers were all pre-heated in the water-bath. 
Without pre-heating the large mass of the chamber caused a small drop in bath temperature and 
delayed temperature equilibrium for 30 min or more. It should be noted that this does not 
eoncern temperature equilibration of the animal itself, this being one of the matters under investi- 
gation, but only the time after which reliable records of oxygen consumption could be taken. 
Each chamber was then quickly removed in turn, the lid removed, the animal inserted, plug 
connexions made, the lid bolted down and the chamber returned to the bath. This could be done 
in 25sec per chamber, after which dummy experiments had shown that 10 min sufficed for 
complete temperature equilibrium of the metabolism chamber. As soon as the chamber was in the 
water-bath the oxygen valve connexion was made and the fan belt attached. 20 ml. of air was 
then withdrawn from the chamber, thus causing the same volume of oxygen to enter via the 
demand valve, and the outlet was sealed with a glass plug. This compensated for the expansion of 
the air on warming and ensured 214+1% oxygen during the control period. The fan was then 
switched on and tambour recording started 


Composition of chamber air. Analyses hinine control periods showed that the air composition — 


was virtually atmospheric but contained 0-1-0-16% CO,. Hypoxia was induced by running in 
a known volume of nitrogen through aninlet into the chamber and letting the excess air be 
displaced to atmosphere via an outlet tube. The tubes were then stoppered and a little air was 
withdrawn by syringe until bubbling commenced. In this way it was possible to change the air 
composition and restart recording within 5 min as a rule. The oxygen level could beraised simply by 
withdrawing air from the chamber and allowing it to be replaced with oxygen via the demand valve. 

Leaks, The system is, of course, highly sensitive to leaks. Before each experiment, with the 
chambers in the bath and in temperature equilibrium, a leak check was carried out by closing the 


oxygen inlet to the demand valve and withdrawing 20 ml. of air from the chamber. Any rise of 


the tambour pointer indicated a leak which was rectified before proceeding. 

Air analyses. 0-5 ml. samples of chamber air were analysed in the Scholander micro-gas- 
analysis apparatus (Scholander, 1947). The thick rubber tubing over the outlet tube in the chamber 
roof was punctured by a hypodermic needle and 1 ml. of air was injected from a tuberculin syringe. 
The syringe was filled and emptied into the metabolism chamber several times, and as the tip of 
_ the needle lay within the chamber a satisfactory sample of air within was obtained. 1 ml. was 
removed, thereby compensating for the 1 ml. injected, and taken, with due precautions to prevent 
contamination, straight into the Scholander apparatus. Duplicate analyses, frequently carried 
out, showed no more than 0-08 % variation. Duplicate analyses were not done as a routine, as the 
chamber air composition was predictable after some experience to within 1%, the quantity 
of oxygen or nitrogen that had been run in being known. | 
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RESULTS 

Environmental temperature, being one major variable, was fixed at one of two 
levels, 30 or 35° C, the former to allow and the latter to restrict heat loss, but 
both being chosen arbitrarily. As the response of the animal differed in the 
two situations, the results are presented separately. It was foreseen that the 
kittens might not come into equilibrium with the bath temperature for some 
time, so precautions were taken to keep the animals warm before admission 
to the chambers. In most experiments rectal temperature (RT) equilibrium 
was gained within 30 min, but occasionally 50 min was required before the 
rate of change was reduced to less than 0-6° C/100 min, which was taken as 
stability. 

All the preliminary values of ‘total metabolic rate’ (T.m.R.) and ‘basal 
metabolic rate’ (B.M.R.) quoted, or used for comparison, are values obtained 
with RT stability (except the hexamethonium experiments). So that if a 
kitten had 100 min of preliminary observations at atmospheric pO,, but if its 
RT did not become stable for 25 min, then only the period 25-100 min was 
used for calculations. In all experiments the first 15-20 min in the chambers 
was discounted, to give the apparatus time to adjust to temperature, although 
in dummy experiments 10 min was found adequate for this. When the switch 
over to hypoxia was made, there was an inevitable loss of recording of oxygen 
consumption for 3-5 min, but RT measurements were usually continued and 

noted at $ min intervals over this critical period. 


Response to hypoxia at 30° C 

Figures 1-5 show the typical features of the hypoxic response in kittens 
aged 3-17 days. The most obvious features are an immediate (i.e. within 
5 min) drop in oxygen consumption, followed by a slower decline in RT 
consequent upon hypoxia. 

In the preliminary period the kitten inspired air at neat-atmospheric 90. 
Oxygen consumption varied as would be expected, presumably with grades of 
activity, for the kittens were fully conscious and very little restrained. The 

degree of extraneous activity tended to increase with increasing age, although 
_ this is not shown clearly in the figures and is purely an impression over a large 
series of experiments. Rectal temperature tended to become stabilized more 
quickly in the older kittens. 

When the inspired pO, was dropped the oxygen consumption fell precipi- 
tously, and within the range of age studied there was little or no indication of 
a changing sensitivity. Figure 6 shows the collected results of the extent of 
this depression of aerobic metabolism related to the degree of hypoxia without 
any age distinction. The threshold of the group appears to be at about 14% 
oxygen or 102 mm Hg pO, in the inspired air. This is lower than was found by 
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Cross et al. (1955), who found a significant depression in new-born human 
infants at 15% oxygen. One kitten died at an ambient pO, of 37 mm Hg but 
is not entered in this diagram. Apart from this, all kittens appeared to be 
approaching at least a short-term equilibrium, and were hypoxic for from 30 


pO, = 148 mm Hg pO, = 59mm Hg 


Oxygen consumption (ml. s.1..0./kg.min) 
T 


39 
90° 
66, 
0 L 
0 50 100 
Time (min) 


Fig. 1. Response of a 3 day old kitten (145 g) to hypoxia at 30°C. Oxygen consumption in 
successive 5 min periods. Rectal temperature (RT); skin bears saree (ST). Nitrogen added 
at ‘ +N,’; pO, is that of the inspired air. 


to 120 min. No attempt was made to allow for RT variations in computing 
the oxygen consumption during hypoxia, although, as is shown later, the 
change in RT has a bearing on the situation. This inevitably causes a certain 
amount of scatter in the diagram, as the oxygen consumption often fell off 
gradually during hypoxia, possibly as a consequence of the declining body 
temperature (see Table 3). Hence the longer the duration of hypoxia, the 
greater is the depression of oxygen uptake, within limits. However, the 
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general pattern of response, as shown in Fig. 6, is clear-cut, with an approxi- 
mately linear fall-off from pO, 95 to about pO, 50mm Hg. The absence of any 
obvious age distinction is interesting in comparison with the results, to be 
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Fig. 2. Response of a 6 day old kitten (146 g.) to hypoxia and reoxygenation 
at 30°C. Arrangement as in Fig. 1. Oxygen added at ‘ +0,’. 
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Fig. 3. Response of a 12 day old kitten (150 g) to hypoxia and reoxygenation at 30° C. 
‘ Arrangement as in Fig. 1. Oxygen added at * + 0,’. 
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Fig. 4, Response of a 16 day old kitten (171 g) to hypoxia at 30° C. Anenminddk wate The. 1, 
At the onset of hypoxia RT was taken every minute and plotted as a series of small solid 
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Fig. 5. Response of a 17 day old kitten (293 g) to hypoxia and reoxygenation at 30° C. 
Arrangement as in Fig. 1. x indicates physical activity. 
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given later, of experiments {at the higher environmental temperature of 
35° C, 

During the preliminary period the RT attains stability after a time varying 
up to about 60 min, depending to some extent upon the age and weight of the 
kitten. It falls off in what appears to be an exponential fashion from the 

110 
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Oxygen consumption in hypoxia: (% of preliminary oxygen consumption) 
* 


(28) 20 15 10 5 0 
Oxygen in hypoxia (%) 

Fig. 6. Hypoxic depression of oxygen consumption in new-born kittens. Oxygen consumption 
rate during preliminary control period .of 50-100 min at atmospheric pO, taken as 100% 
on the ordinate, and the oxygen consumption during hypoxia plotted as percentage of this 
in each case against the hypoxic O, level. @ 35 observations on 18 kittens 3-17 days old; 
O 5 observations on 5 kittens 1-2 days old; © 7 observations on 7 kittens 18-19 days old. 
The results from kittens under 3 days old and over 17 days old are included to indicate the 
absence of any obvious effect of age in the main range of ages. 


beginning of hypoxia. The fall does not begin until oxygen consumption has 
already fallen, as is well shown in Figs. 1, 2 and 3. The fall at first is rapid and 
is related to the degree of hypoxia induced and to the extent of metabolic 
depression, as is shown in Fig. 7. Here the rate of decline of RT during the 
. first 30-50 min of hypoxia is plotted against (a) the T.M.R, during hypoxia, 
expressed as % of T.M.R. in the preliminary period (Fig. 7A), and (0d) the 
degree of sailed (Fig. 7B). In all the 25 Bia involved, preliminary 
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Fig. 7. Rate of cooling of kittens during first 50 min of hypoxia. © = preliminary RT stable at 
7-1-8-1° C above bath temperature; @ = preliminary RT stable at 3-5-6-5° C above bath 
temperature. 17 kittens; 25 experiments. 
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RT stability had been attained. The RT-bath temperature difference was 
7-1-8-1° C in 19 of them (open circles), and 3-5-6-5° C in 6 (filled circles). In 
Fig. 7A, where a reasonable linear relationship exists, the odd 6 points lie 
within the group, from which one might infer that the rate of cooling is related 
to the drop in heat production and not to the temperature gradient between 
deep in the body and the surroundings, and hence is not simply Newtonian. 

The linear regression line passes through the origin with a low probability of 
error (P < 0-001), showing that the RT inevitably falls if oxygen consumption 
falls in hypoxia. However, in Fig. 7B the odd 6 lie along one edge of the 
distribution, indicating perhaps that the lower the RT initially the less 
sensitive the animal is to further RT depression in hypoxia. Although the RT 
changes must be influenced by the size and maturity of the kitten by reason 
of the relation of mass to cooling rate and control of thermal regulation, 
insufficient results are available to distinguish these factors. 

After some 30-60 min of hypoxia the rapid fall in RT gives way to a slower 
decline which gradually flattens out. This slower decline can often be considered 
linear for times ranging from 30 to 100 min. Where this was so the slope was 
determined and related to the corresponding slow decline in oxygen con- 
sumption: these are considered later. No firm figure can be given as to the 
length of time required for complete stability of RT in hypoxia, but it is 
long—often of the order of 100 min and more—and appears to be related to 
the degree of hypoxia. 


Response to reoxygenation 
On reoxygenation to near-atmospheric pO, (Figs. 2 and 5) there is a sharp 
reversal of the changes seen at the beginning of hypoxia. Oxygen consumption 
rises dramatically, being back to or beyond the preliminary value within 
5 min, and RT rises frequently even more rapidly than it had previously 
declined, but nevertheless following, not leading, the rise in oxygen con- 
sumption. The oxygen consumption overshoots the preliminary level as a rule 
before returning to it. Whether this is a pay-off of oxygen debt incurred during 
hypoxia or a release of metabolic activity, such as shivering which was sup- 
pressed during hypoxia, cannot be determined from these experiments. In 
almost all experiments the excess metabolism at this stage was not as great 
as the oxygen consumption ‘lost’ during hypoxia. It is impossible, however, 
at the moment to make precise allowance for the metabolic loss due primarily 
to the lowered body temperature during hypoxia. The RT always became 
stabilized much more rapidly on full reoxygenation than on induction 
of hypoxia, but frequently settled about 0-2° C below its preliminary 
value, 
Reoxygenation to less than atmospheric pO, allowed a limited degree of 
a depending on the POs achieved. In some stich experiments an 
33-2 
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interesting dichotomy of oxygen consumption and RT appeared, as in Fig. 3. 
On changing from pO, 50 to pO, 86 mm Hg the oxygen consumption rose 
whilst RT continued to fall. | 
In Table 1 a synopsis is given of results from concurrent experiments on four 
litter-mate kittens 6 days old; one experiment from these is illustrated in 
Fig. 2. Treatment was similar in all animals except for pO, levels on re- 
oxygenation. The duration of each period differed also owing to the difficulty 
of carrying out simultaneous gas changes and frequent RT readings over the 
change-over times. The similarity of responses consequent upon dropping 
pO, from atmospheric to about 58mm Hg will be observed. B.m.R. and 


TABLE 1. Results for four litter-mate kittens* subjected to similar degrees of 
he cay but different pO, levels on reoxygenation 


Kitten no. 
! 1 2 3 4 
T.M.R. preliminary (ml. O,/kg/min) . 29-84 24:87 34-29 28-20 
B.M.R. (ml. O,/kg/min) 27°16 23-25 30-38 26-34 
Time of preliminary period (min) 65 95 70 95 
O, in hypoxia (mm Hg) 56 58 60 57 
Time of hypoxic period (min) 87 55 77 57 
T.M.R. in hypoxia (% of preliminary T.M.R.) 42 52 48 57 
{B.M.R. in hypoxia (% of preliminary 8B.M.R.) 41 52 48 56 
pO, in reoxygenation (mm Hg) 149 141 96 102 
T.M.R. in first 30 min reoxygenation (% of 120 113 109 90 
preliminary T.M.R.) 
T.M.R. in whole reoxygenation period (87-92 min) 104 102 - 108 92 
Mean RT (preliminary) (° C) 37-7 37-9 37-6 38-0 
Rate of fall of RT in first 30 min of hypoxia 6-4 6-8 5°7 —} 
(° C/100 min) 
Extent of fall of RT at end of hypoxia (° C) 3-55 2-9 3-6 tf 
Rate of rise of RT in first 30 min of re- ~ 120 13-0 5-0 —f 
oxygenation (° C/100 min) 
Final and stabilized RT at end of reoxygena- 37-4 37-7 36-2 —t 
nation (° C) 
‘Time to reach RT stability on reoxygenation 40 40 70 ~- 
(min) 


* Same kittens as in Table 2 (litter BV): is 6 days; weights 121-145 g; bath aieaians 
30-2° C. Preliminary pO, 156-159 mm Hg. All pO, values refer to inspired air. 
+ Not very meaningful owing to shifting RT. { Thermocouple dislodged during experiment. 


T.M.R. were depressed about 50% in all animals and RT fell initially at about 
6-3° C/100 min in three of them. Equilibrium of oxygen consumption and RT 
were not attained during hypoxia, although the RT-bath temperature 
difference was halved before hypoxia was terminated after 55-87 min. Re- 
oxygenation in kittens 1 and 2, to pO, 149 and 141 mm Hg, respectively, 
reversed the hypoxic changes rapidly. Oxygen consumption was 120% of 
preliminary values within 10 min and RT rose very rapidly (0-12° C/min), 


although not so rapidly as oxygen consumption, and had regained stability — | 


at preliminary levels by 40 min. In kittens 3 and 4, where the reoxygenation 
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pO, was 96 and 102 mm Hg, respectively, the overshoot of oxygen consump- 
tion was less dramatic or non-existent and the rate of rise of RT lower 
(0-05° C/min in kitten 3). 


Relation of RT to O, consumption in preliminary period 

In kittens of 3 days and upward there is undoubtedly some metabolic 
control. Rectal temperatures of 37-38° C can be acquired and maintained in 
an environmental temperature of 30°C. In Fig. 1 the change towards equi- 
librium can be seen in a 3 day old kitten which had apparently not been kept 
warm enough before entering the metabolism chamber. Surface and deep 
temperature rose in the 60 min preliminary period by 0:5 and 1-0° 0, re- 
spectively. The oxygen consumption fell off as body temperature rose, showing 
some control of heat production and an active albeit imperfect thermostatic 
mechanism. Deep temperature, however, rose more than surface temperature, 
so that the deep-surface gradient increased from 0:7 to 1:3° C. This shows some 
degree of vasomotor control of heat loss. It is instructive to compare this 
preliminary period with the first 25 min of hypoxia where the deep and surface 
temperatures were falling over precisely the same range through which they 
were rising during the preliminary period. Oxygen consumption can thus be 
compared at the same body temperatures at atmospheric and low pO,, and 
it is clear that at any given temperature hypoxia has depressed the oxygen 
consumption. Here, then, is further evidence of the way in which body 
temperature reflects oxygen consumption in hypoxia, but at least in the early 
stages does not drive it. A similar experiment in a 17 day old kitten is illus- 
trated in Fig. 5. This kitten, being older and presumably more mature in its 
responses, drops off its oxygen consumption very sharply for a small rise in 
RT. There was very little disturbance of the bubble record (i.e. very little 
physical activity) except at the times marked with a cross, so the high initial 
oxygen consumption was not caused by activity. The deep and surface 
temperatures and oxygen consumption having become stabilized, hypoxia 
produced the expected depression of RT and oxygen consumption. Surface 
temperature was slower in dropping, which had the advantage to the animal 
of more rapid heat loss. Reoxygenation caused overshooting of the oxygen 
consumption and reversed the RT change, the former dropping back as the 
latter became stabilized. Surface temperature, however, remained low there- 
after, the deep-surface difference being about 3° C compared with 1-3° C in 
the preliminary stage, a new thermal equilibrium state supervening. 


Effect of hecamethonium at 30° C 
In order to test the possibility that vascular shunting mechanisms were 


responsible for the hypoxic depression of oxygen consumption, four experi- 
' ments were carried out under ganglion blockade. The four litter-mate kittens 
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used had been the subjects of preliminary experiments at the age of 6 days, 
i.e. 2 days earlier, the results of which are displayed in Table 1. The dose of 
hexamethonium bromide used (6-7 mg/kg) should have been adequate to 
block ganglionic transmission, although no direct evidence for this can be 


pO) 154 mm Hg 51mm Hg pO, 161 mm Hg 
> +0, ; 
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Fig. 8. Response of an 8 day old kitten (169 g) to hypoxia and reoxygenation at 30°C after 
hexamethonium; 6-1 mg/kg given by subcutaneous injection in 1 ml. of 0-9% NaCl 5 min 
before zero time. Arrangement as in Fig. 1; same kitten as in Fig. 2, 2 days later. 


TaB_LE 2. Results for four litter-mate kittens* subjected to similar degrees of hypoxia, 
but different pO, levels on reoxygenation 
Hexamethonium 6-7 mg/kg in 1 ml isotonic saline injected subcutaneously 5 min before zero 
time. 


Kitten no. 
2 3 
T.M.R. preliminary (ml. O,/kg/min) 16-71 16-35 22-30 16-69 
Time of preliminary period (min) 100 100 108 110 
pO, in hypoxia (mm Hg) 51 57 54 55 
T.M.B. hypoxia (% 1T.M.R. preliminary) 65 73 61 67 
Time of hypoxic period (min) 102 102 95 93 
pO, on reoxygenation (mm Hg) 161 95 149 92 
T.M.R. (% T.M.R. preliminary) in first 30 min 137 89 140 ' 92 
reoxygenation 
T.M.R. (% T.M.R. preliminary) in whole of 153 110 140 109 
reoxygenation 
Time of reoxygenation period (min) 93 ! 92 92 92 
Mean RT (preliminary) (°C) 36-4 36-3 36-4 36-1 
Rate of fall of RT in first 30 min hypoxia 4-0 4-0 5-2 3°3 
(° C/100 min) 
Extent of fall of RT at end of hypoxia (° C). 2-6 2-6 2-3 2-5 
Rate of rise of RT in first 30 min of re- 5-5 1-7 63 2-2 
oxygenation (° C/100 min) | 
Final unstabilized RT at end of reoxygena- 36-7 35:0 37-7. > 85-6" 


tion (still rising) 


* Same kittens as in Table 1 (litter BV); age 8 days; weight 127-169 g: bath temperature 
30-2° C. Preliminary pO, 152-156 mm Hg. 
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offered from these particular kittens. It was adequate to block completely 
cardiac inhibition on stimulating either vagus in the neck of kittens of similar 
size under pentobarbitone anaesthesia. 

Figure 8 illustrates the course of events in one of these kittens, the same 
kitten as that of Fig. 2. It will be seen from a comparison of Table 1 and Fig. 2 
with Table 2 and Fig. 8 that the sequence of events is very similar qualita- 
tively whether hexamethonium is given or not. There is the same charac- 
teristic, precipitous fall of oxygen consumption with the onset of hypoxia and 
rise with its termination. The RT declines more slowly following the drop in 
oxygen consumption and rises with reoxygenation at a rate related to the pO, 
allowed. The same overshoot of oxygen consumption is seen on reoxygenation 
to near atmospheric pO,, but not when reoxygenation is to lower values 
ranging from pO, 92 to pO, 102 mm Hg. 

Quantitatively there are obvious differences. Preliminary T.M.R. values were 
lower after hexamethonium, but by then the kittens were 2 days older and 
_ there was a reduction of from 1-3 to 1-9° C in preliminary RT. Kittens 2 and 
4 showed a gradual fall of about 1-0° C in RT over the preliminary period, 
whereas Nos. 1 and 3 were steady (see Fig. 8). The oxygen consumption of all, 
except No. 3, was steady; No. 3 rose from about 20 to 26 ml. Orta and 
was still the high member of the quartet. 

The hypoxic depression of oxygen consumption is less after hexamethonium, 
a reduction to about 66% for a pO, of 54 mm Hg, compared with a reduction 
to about 50% for a pO, of 58 mm Hg, but also the rate of cooling is less. None 
of the kittens showed the characteristic slow decline of 0, consumption during 
hypoxia. On reoxygenation there are quantitative differences as, for example, 
in kittens 1 and 3 (pO, 161 and 149 mm Hg) the RT has already surpassed its 
preliminary value and is still rising after 92 min, not yet being up to expected 
normal levels. Most of the differences can probably be ascribed to an altered 
state of thermal equilibrium due to the hexamethonium. The similarities, 
however, are quite obvious, and it is evident that the hexamethonium is not 
interfering with the pattern of response. Unless the vascular system in the 
kitten has a control mechanism independent of the vasomotor system in being 
_ able to effect shunts and redistributions of blood flow, it is difficult to see how 
the latter can be held to account for hypoxic depression of oxygen consumption. 


The temperature coefficient of metabolic rate in hypoxia 
In seven experiments the results have been statistically sufficient to allow 
a comparison of the secondary slow fall of oxygen consumption with the slow 


prolonged fall in RT (see Table 3). The criteria used for the selection of these ~~~ 


experiments from the others were that after the first 30-50 min of hypoxia - 
there should be at least a further 40 min during which both oxygen con- 
sumption (calculated in consecutive 5 min intervals) and RT (measured at 
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least every 5 min) continued to fall. Probability values of better than 0-05 
for oxygen consumption and 0-01 for RT in their respective regressions against 
time were required over the same period. The RT frequently fulfilled the 
criteria, but the oxygen consumption, being more subject to minute-to-minute 
fluctuations, often failed to reach an adequate level of significance in the time 
available. This was the case in a further eight experiments where hypoxia 


lasted for 70 min or more at levels of 54-77 mm Hg pO,, where the RT was | 


slowly declining after the first 30-50 min at rates between 1-0 and 3-8° C/ 
100 min. A clear relationship between the two rates was only found when 
hypoxia and metabolic depression were both fairly severe, as can be seen in 


Table 3. The first 30-50 min of hypoxia was disregarded for these calculations 


in order to allow the animal time to come into a kind of dynamic ‘equilibrium’ 

in which it is cooling steadily. The first rapid fall in RT is at times associated 

TABLE 3. Details of seven experiments in which the slow fall of 0, consumption and the slow fall 
of RT can be correlated during the later part (i.e. after the first 30-50 min) of hypoxia 


Kitten CAl CA2 BV2 BVi12 BKI BVI CCl 
(days) 16 16 8 8 7 

eight (g) 171 207 127 169 170 146 145 
pO, (mm Hg) 45 48 55 51 64 56 59 
T.M.R. (% preliminary) 49 57 67 65 71 73 41 
Duration (min) 65 90 60 75 40 70 (45 
Rate of fall of O, consumption 3-5 2-7 2-3 1-8 3-2 2-7 71 

(ml. min) 

Probability 003 002 OO 005 002 0-05 
Rate of fall of RT (° C/100 min) 154 149 $100 230 220 340 # 3-60 
Temperature coefficient .. 2°25 1-79 230, 0-77 145 0-79 1-99 

Mean coefficient = 1-62 (s.p. 0-50) ml. 0,/kg/min/1° C. 

Duration = period of hypoxia during which the slow changes are calculated. 


Probability = significance of regression coefficient 5, in calculation of rate of fall of O, 
consumption, by ¢ test. | 
(P value for rate of fall of RT better than 0-01 in all cases.) 


with a rapid decline in oxygen consumption (e.g. the first 30 min of hypoxia 
in Fig. 1) and at other times with no change at all (e.g. the first 30 min of 
hypoxia in Fig. 3). Whereas the subsequent period of hypoxia in Fig. 3 showed 


the slow decline at an adequate level of significance, the corresponding region of | 


Fig. 1 did not. The temperature coefficient as estimated from the seven experi- 


ments had a mean value of 1-62 ml. 0,/kg/min/1° C (s.p. 0-50), the details 
being displayed in Table 3. 


DISCUSSION 
The results presented from experiments carried out at 30° C show beyond any 


reasonable doubt that, at this temperature, in kittens of this age group | 2 
hypoxia, if of sufficient degree, depresses oxygen consumption: body tempera-- 


ture falls as a consequence of this metabolic depression. On adequate re- 


oxygenation the changes are reversed, but again body temperature follows the 
altered oxygen consumption. 
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There would appear to be little doubt that the responses to hypoxia have 
some survival value, as has been pointed out by McCance & Widdowson 
(1957), along with other peculiarly neonatal phenomena. The underlying 
mechanisms responsible for these changes cannot be precisely determined at 
the moment, although some clues are available. Amongst the possibilities may 
be included a switch to anaerobic metabolism, utilization of other biochemical 
pathways, redistribution of: vascular tone, immature lung function, limitation 
of cardiac output, reduction of body temperature and inhibition of normal 
thermo-regulation. The tissues selectively, or in general, may be forced into a 
lowered metabolism by a centralized cardio-respiratory effect or by central 
nervous authority, or they may be themselves steered according to the pO, 
presented to them. It is probable that many factors participate. 

The newly born of many species of mammals have been shown to possess a 
greater resistance to anoxia than the adults. This is more marked where the 
new-born creature is more physiologically immature, such as the rat, cat, 
mouse, dog and rabbit, than in the less immature new-born guinea-pig 
(Fazekas et al. 1941; Cheymol, 1945). Himwich (1951) stresses poikilo- 
thermia and low cerebral metabolism as causative factors. However, Brodie, 
Cross & Lomer (1957) found no decrease in rectal temperature of babies 
breathing 15° oxygen for 50 min, although the degree of hypoxia was 
sufficient to depress oxygen consumption (Cross et al. 1955), but there was 
evidence of reduced heat production. Furthermore, Burnard & Cross (1958) 
showed that infants suffering from birth asphyxia maintained lower rectal 
temperatures for 16 hr after birth compared with those having had a normal 
delivery. 

As the body temperature falls, so does the oxygen consumption in the new- 
born rat (Adolph, 1948; Fairfield, 1948) and mouse (Fitzgerald, 1953). There 
is no doubt that a fall in tissue temperature must, of itself, reduce tissue 
metabolic demands. However, the better developed the thermostatic 
mechanisms for controlling heat production and heat loss, the more must this 
purely physico-chemical effect be overlaid by vasomotor and metabolic re- 
- actions of the whole animal. With maturation comes greater independence 
from environmental temperature. The survey of arctic and tropical homoeo- 
therms made by Scholander, Hock, Walters, Johnson & Irving (1950) shows the 
extremes to which this has been developed, especially in the control of heat loss. 

With poorer temperature control in the new-born animal goes the ability to 
withstand more severe cooling, the lethal temperatures rising with age in a 
variety of infant mammals (Adolph, 1951), and the greater tolerance to oxygen 
deprivation and acidaemia. Swann and his associates have shown that new- 
born puppies can be revived after breathing pure nitrogen for a time of the 
order of 20 min (Swann, Christian & Hamilton, 1954) when blood pH has fallen 
to about 6-6 and blood pressure to 8/6mm Hg. This maintenance of 
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circulation is interesting in that in adult dogs it collapses suddenly and does not 
taper off as it does in the new-born animal (Swann, 1953; Swann & Brucer, 1951). 

Many neonatal responses are likely to merge gradually into the adult pattern 
and represent a transitional stage before the nervous system exercises its full 
control. In the experiments described here two phenomena can be discerned, 
one the potentially unstable body temperature and the other the dependence 
of oxygen consumption on pO,. Some mutual interdependence is apparent 
between oxygen consumption and body temperature in these kittens, as is 
shown by the rectal temperature rapidly following changes in oxygen con- 
sumption (and presumably heat production) induced by hypoxia and re- 
oxygenation. However, in the preliminary periods at atmospheric pO, levels 
there is good evidence that at least some kittens can make a metabolic response 
to a low body temperature (Figs. 1 and 5). Hypoxia it seems, must disrupt the 
thermoregulation mechanism and prevent the metabolic stimulating effect of 
a lowered body temperature, a state of affairs which also operates to some 
degree in the adult dog (Hemingway & Nahas, 1952). Oxygen consumption 


therefore falls as a direct effect of a lowered pO,, and hence body cooling - 


occurs rapidly. It then falls more slowly along with the slowly declining body 
temperature and probably because of it. There is no evidence from the few 
skin temperature measurements made at 30° C in kittens that theré is much 
active vasomotor participation, but the middle of the back may not be an 
adequate guide to what is happening elsewhere. 

After hexamethonium (6-7 mg/kg) the responses to hypoxia and reoxy- 
genation were modified, but not abolished (Figs. 2, 8; Tables 1, 2). If one 
assumes complete autonomic ganglion blockade, then it is unlikely. that 
vascular shunts operating to deprive regions of the body of their blood supply 
are responsible for the hypoxic response. There remains the possibility of a 
selective non-nervous constriction of certain vessels caused directly or in- 
directly by the low pO,. There are some interesting features of the hexa- 
methonium experiments which require further investigation, such as the lower 
rectal temperatures coupled with an absence of increase in metabolism. 

There is some evidence of a progressively decreasing sensitivity to pO, as 
a controlling factor in the oxygen uptake of kitten liver slices in the first few 
weeks after birth (Longmuir & Moore, 1958); this could be interpreted as 
showing that the tissues themselves are the key structures in the hypoxic 
response. This tissue response could possibly be regional, as was shown 
by Cross, Dawes & Mott (1958) in the lamb. 


~...»,... Many workers have, however, pointed out the greater emphasis on anaerobic 


pathways of metabolism during the neonatal period (Swan et al. 1954; 
Mandel, Bieth & Weill, 1957; Himwich, 1953). A Pasteur effect could go far 


to explain the hypoxic dnsiiesion and reoxygenation overshoot of oxygen 
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Reoxygenation in these experiments is difficult to analyse owing to the 
changes in body temperature. Without accurate estimates of the temperature 
coefficients of metabolism it is not possible to allow precisely for temperature 
changes, neither is it as yet known to what degree a metabolic response to a 
low body temperature is released on reoxygenation. As the time taken to 
reach equilibrium tends to be long, especially in hypoxia, there is the limiting 
factor of the length of time available. In an animal which is normally demand- 
fed at very frequent intervals, deprivation of food for even 4 hr may be 
physiologically unjustifiable. It is impossible to say whether or not the 
metabolic overshoot on reoxygenation is oxygen debt repayment, although it 
seems likely that this may be part of the picture. 


SUMMARY 


1. The response of individual new-born kittens 3-16 days old, at an en- 
vironmental temperature of 30° C, to a sudden reduction of the pO, of their 
inspired air consists of: 

_ (a) Precipitous fall in oxygen consumption, the extent depending on the 
degree of hypoxia. | 

(6) Rapid fall in rectal temperature which follows the fall in oxygen con- 
sumption, and whose rate of fall is proportional to the degree of hypoxia and 
the depression of oxygen consumption. 

(c) Slow fall in both oxygen consumption and rectal temperature occurring 
together and continuing for a long time (i.e. perhaps 100 min or more) towards 
a new equilibrium. 

2. On reoxygenation the changes are reversed, oxygen consumption jumping 
dramatically to or above preliminary values depending on the pO,, with 
rectal temperature rising very rapidly but following the rise in oxygen con- 
sumption, not leading it. | 

3. Hexamethonium 6-7 mg/kg modifies but does not alter the general 
character of the response. This makes vascular redistribution an unlikely 
explanation. | 

4. Temperature coefficients of metabolism in seven experiments ranged 
from 0-77 to 2-30 ml. O,/kg/min/1° C (mean 1-62, s.p. 0-50). 

5. It is suggested that hypoxia in the new-born may cause, in addition to 
any direct tissue effect, a dissociation of the developing central thermo- 
regulating mechanisms. | | 
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According to the theory of hypothalamic neurosecretion, the posterior-lobe 
hormones oxytocin and vasopressin are considered to be produced by neurones 
of the hypothalamus and transported down their axons to the neural lobe of 
the pituitary, where they are finally released into the blood stream (Scharrer & 


Scharrer, 1954; Harris, 1955 for review). Whatever may be the origin of these 


hormones, it is clear that the stainable ‘neurosecretory’ material of the neuro- 
hypophysis is closely related to these substances, in particular to the anti- 
diuretic hormone (see Howe & Jewell, 1959 for further references). 

Of the various histochemical investigations of this ‘neurosecretory’ 
material (NSM), only two (Sloper, 1955; Howe & Pearse, 1956a, 6) have 
included tests for arginine, which is known to be one of the constituent amino 
acids of the antidiuretic-vasopressor octapeptide, extracted from the neuro- 


_ hypophysis of the ox (Turner, Pierce & du Vigneaud, 1951). In neither case, 


however, was conclusive evidence obtained of the presence of arginine in NSM 
from the rat, dog or cat. Howe & Pearse (1956a, 6), using the «-naphthol 
method of Sakaguchi, obtained no specific staining in either rat hypothalamus 
or dog posterior pituitary; Sloper (1955), using the improved Sakaguchi 
reaction involving 8-hydroxy-quinoline, reported: ‘...a faint but definite © 
reaction in neurones of the supra-optic nuclei, in peripheral aggregations 
suggestive of Herring bodies, and diffusely throughout the infundibular 
process. But the colours developed in thin sections with these reactions were, 
at their best, poor’. . .‘As for proteins, the two methods commonly employed, 
the Sakaguchi and Millon reactions for arginine and tyrosine, proved in our 
hands, at their best, unsatisfactory; although a faintly positive reaction was 
given in the cat by material with the distribution of NSM.’ | 

* Present address: Department of Physiology, London Hospital Medical College, London, E. 1. 
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In view of the recent publication of a considerably improved method for 
the histochemical demonstration of arginine (McLeish, Bell, La Cour & Chayen, 
1957), a reinvestigation of the subject was undertaken to test the possibility 
that the negative or doubtful results of tests for arginine hitherto obtained 
may have been due to the methods rather than to an actual absence of the 
amino acid from NSM. Incidental observations were also made on the distri- 
bution of arginine in other parts of the pituitary, as indicated by this histo- 
chemical reaction. 

METHODS 


Pituitary glands from adult male albino rats were fixed by immersion in Lewitsky’s fluid (McLeish 
et al. 1957) for periods ranging from 15 to 60 min. The tissue was then washed in saline 0-9 % (w/v) 
for 15 min, dehydrated by passage through graded alcohols, cleared in benzene or toluene and 
embedded in paraffin wax (56°C). Paraffin sections from glands fixed by other methods (Susa, 
6 days; Bouin, 12-24 hr, Helly, 12-24 hr; formol-calcium (Baker, 1940) 6 days, followed by 
dichromate 48 hr) were also used. After removal of mercury crystals with Lugol’s iodine, where 
necessary, adjacent sections cut at 5-7 » were stained by the chrome alum-haematoxylin and 
phloxin method (Bargmann, 1950) and for arginine (McLeish et al. 1957), respectively. In some 
cases adjacent sections were also stained by the Tripas method (Pearse, 1953). 

Comparison of these sections was made by microscopic examination and from photomicro- 
graphs by means of both direct light and. phase contrast, with and without a blue-green filter 
(Wratten 58 +45). 


RESULTS 

A positive reaction in tissues stained by the method of McLeish et al. (1957) 
was shown by a fairly strong orange-red colour, in contrast to the rather pale 
colour obtained with the «-naphthol method. The strongest reactions were 
obtained in sections from glands fixed in Lewitsky’s fluid, Susa and formol- 
calcium—dichromate. | 

Masses of arginine-positive material were demonstrated throughout the 
pars nervosa and their distribution corresponded in general to that of the 
‘neurosecretory’ material of adjacent sections, stained by the chrome alum- 
haematoxylin (CAH) method. However, careful comparison of such adjacent 
sections showed that this correspondence was not exact for every mass of 
NSM; some of the material stained by the CAH method in one section was not 
represented in the corresponding adjacent section stained for arginine (see 
Pl. 1, figs. 1, 2). A possible explanation for this discrepancy might be that 
some of the masses of NSM were too small, in proportion to the thickness of 
the section, to provide comparable profiles in adjacent sections. To test this 
possibility the same section was first stained for arginine and various areas 
‘photographed, then bleached and restained by the CAH method and the 
areas rephotographed at the same magnification. When this: procedure was 
adopted it became clear that only some of the masses of NSM rendered visible 
_ by the CAH method gave a positive reaction for arginine (Pl. 2, figs. 3, 4). 

Other structures within the pituitary gland also gave a reaction for arginine 
with varying degrees of intensity, as is shown in Table 1. 
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TaBLE 1. Subjective estimate of the relative density of staining of 
various components of the pituitary gland 


Tissue Reaction for arginine 
‘Neurosecretory’ material of pars nervosa Ces 
Cytoplasm of cells of pars intermedia ae igs 
Blood vessels and connective tissue fibres + 
Pars anterior: 


(i) ak ae cell granules (PAS-negative but stained with 
orange G by the Tripas method and with phloxin by the CAH 


method) 
(ii) Basophil cell (PAS-positive and unstained by 
G of the Tripas method) Ook 
‘Colloid’ of pituitary cleft 
‘Colloid’ of basophilic cysts in pars anterior (one animal) + to & 


+ + + strong colour reaction for arginine, + + moderate coloration, + very weak or negligible 
reaction. 


DISCUSSION 


Arginine is widely distributed in animal tissues (Dunn, 1949). It is not 
surprising, therefore, that many structures are stained after the subjection of 
sections to the reaction for this amino acid. In the present investigations it is 
considered that the varying degrees of intensity of colour, observed throughout 
the sections after the reaction for arginine, represent different concentrations 
of arginine, for the following reasons: 

(1) Some relatively large structures, which from serial sections are known 
to occupy the whole thickness of each section, are negative or only weakly 
reactive for arginine although they are strongly stained after such reactions as 
PAS; e.g. the ‘colloid’ material of the pituitary cleft and basophilic cysts of 
the pars anterior. 

(2) Similarly in the pars anterior differential staining of cells which occupied 
the whole thickness of the sections was obtained after the Sakaguchi reaction. 

(3) A fairly strong reaction for arginine was also given by other protein 
structures known to contain arginine, such as connective-tissue fibres (pre- 
sumably collagen) and the smooth muscle of blood vessels. 

It is therefore concluded that a proportion of the NSM in the pars nervosa 
of the rat contains arginine. This provides a further positive correlation between 
the stainable ‘neurosecretory’ material and the octapeptide hormone vaso- 
pressin (Sloper, 1955; Howe & Pearse, 19565), although it should be noted that 
the detailed chemical studies on the structure of vasopressin (Turner et al. 
1951; Popenhoe, Lawler & du Vigneaud, 1952; Acher, Chauvet & Lenci, 1959) 
were made on material obtained from different species, i.e. the ox, pig and 
horse, It is likely that previous negative or inconclusive results were due 
either to the limitations of the earlier Sakaguchi methods or possibly to the 
arginine being unavailable for reaction, perhaps as a result of the action of 
the various fixatives employed. This latter suggestion is, however, not readily 
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supported by the observation in the present investigation that some of the 
strongest reactions for arginine were obtained on material which had been 
fixed for a relatively long period in Susa or formol-calcium—dichromate. 

The observation that some masses of NSM rendered visible by the CAH 
method do not apparently contain significant amounts of arginine raises 
again questions concerning the selectivity of the CAH staining method and 
whether the hormones oxytocin and vasopressin are stored in the same struc- 


tures in the pars nervosa. Olivecrona (1957) reported that discrete bilateral 


destruction of the hypothalamic paraventricular nuclei in rats resulted in 
a marked decrease in the amount of oxytocin in the posterior lobe of the 
pituitary, the vasopressin content of which, however, remained within normal 
limits. If his interpretation of these results is correct, namely, that in the 
rat the supraoptic nuclei are concerned with the secretion of vasopressin while 
the paraventricular nuclei control the secretion of oxytocin, then, according 
to the neurosecretory theory, one might expect the two hormones to have 
separate sites of storage in the pars nervosa, and these results would support 
such a conclusion. Alternatively, the CAH may be staining a carrier substance, 
to which the hormones are attached, as has already been suggested -cjveaapaiad 
& Scharrer, 1954; Harris, 1955). 

The positive staining of the cytoplasm of cells of the pars intermedia is to 
be expected if this tissue produces the melanocyte-expanding principle which, 
at least in the pig, is known to be two polypeptides, each containing arginine 
(Harris, 1959; Harris & Roos, 1959). 

The strong arginine reaction given by acidophil cells of the pars anterior 
is in accordance with the view that they are responsible for the secretion of 
growth hormone and prolactin (Pearse, 1952; Cowie & Folley, 1955). The 
purified forms of these hormones have been identified as simple proteins. With 
the exception of corticotrophin B, they contain a_ higher proportion of 
arginine than do the other hormones of the anterior pituitary whose arginine 
content has so far been established, namely follicle-stimulating hormone and 
corticotrophin A (Li & Evans, 1948; Hays & Steelman, 1955; Behrens & 
Bromer, 1958). 

Arginine appears to be either very low in concentration or absent from the 
‘colloids’ of the pituitary cleft and the basophilic cysts of the pars anterior, 
both of which are intensely PAS-positive. The latter material is probably 
largely or entirely the product of the basophil cells, since its histochemical 
reactions are very similar to those of the granules of the basophils. The origin 
of the material within the ‘pituitary cleft is at present unknown, although 
Ferrer (1956) has enumerated the various possibilities. 

None of the various staining techniques so far used for the demonstration 
of NSM, namely, the CAH method, aldehyde-fuchsin (Gomori, 1950), the 
method of Barrnett & Seligman (1954) for disulphide groups and the performic 
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acid-alcian blue stain for cystine (Adams & Sloper, 1956), can differentiate 
between oxytocin and vasopressin; even the latter two valuable histochemical 
methods cannot make this distinction, since the sulphur-containing amino 
acid cystine is common to both hormones. Although the modified Sakaguchi 
reaction of McLeish ez al. (1957) is less satisfactory as a cytological stain for 
the pituitary than these former methods, it may, nevertheless, provide a useful 
additional staining method in studies of pituitary function and, in particular, 
in relation to the problem of the site of origin and mode of storage and release 
of the posterior-lobe hormones. 

In view of Olivecrona’s findings it would be interesting to know whether 
any marked difference exists between the arginine content of the cells of the 
supraoptic nuclei and that of the paraventricular nuclei; also, whether or not 
a positive reaction for arginine is given by ‘neurosecretory’ material in the 
neurohypophysis of the pig, since in this animal the vasopressin extracted 
from the posterior lobe of the pituitary contains lysine in place of arginine 
(Popenhoe et al. 1952). These points are at present under investigation, as is 
also a further histochemical examination of the pituitary cleft material. 


SUMMARY 


1. The distribution of arginine as demonstrated histochemically by an 
improved Sakaguchi reaction was examined in sections of rat pituitary gland. 

2.. It appears that only a proportion of the ‘ neurosecretory material of the 
pars nervosa stained by the CAH method contains arginine. 

3. Cells of the pars intermedia and « cells of the pars anterior pt gave 
relatively strong reactions for arginine. 

4, The results are briefly discussed in relation to present knowledge of the 
origin and chemical nature of the hormones of the pituitary gland. 


It is a pleasure to acknowledge the encouragement and helpful criticism of Professor G. Causey 
and to thank Dr J. Chayen for much valuable discussion and advice so freely given. I am 
particularly indebted to Mr A. L. E. Barron of the ev of Pathology for the photo- 


micrography. 
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EXPLANATION OF PLATES 


All photomicrographs are of sections of the pars nervosa of the rat, stained by chrome alum- 
haematoxylin and phloxin (CAH) or by the modified Sakaguchi method for arginine, and taken 
by direct light with a blue-green filter. 


PiaTE | 
Fig. 1. CAH stain. Masses of NSM scattered thoughout the pars nervosa. 
Fig. 2. Corresponding area from adjacent section stained by Sakaguchi method. By comparison 


with Fig. 1 it can be seen that, while some masses of NSM (m, m,) are represented in each 


section, there is not complete correspondence between sie! particle of stained material. 
bv, bv, = blood vessel. 
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PLaTE 2 


Fig. 3. Sakaguchi stain. Several masses of NSM (m, —m,) visible in the field. 

Fig. 4. Same section as in Fig. 3 bleached free from Sakaguchi coloration and restained by 
CAH method. All the arginine-positive masses of NSM (m,-m,) are stained by the CAH 
method, but in addition there is CAH-positive material which does not give a reaction 
for arginine. 

(The small difference in size between comparable structures in these corresponding photo- 
micrographs is due to some swelling of the section in the alkaline medium used in the Sakaguchi 
reaction.) 
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Renin was discovered just over sixty years ago (Tigerstedt & Bergman, 1898). 


It has been shown to be a protease which splits off from a plasma protein a 
polypeptide, angiotensin (hypertensin, angiotonin), of which the amino-acid 
constitution is known (Skeggs, Marsh, Kahn & Shumway, 1955; Peart & 
Elliott, 1956; Skeggs, Lentz, Kahn, Shumway & Woods, 1956) and which has 
been synthesized (Rittel, Iselin, Kappeler, Riniker & Schwyzer, 1957). 

Renin is a normal constituent of mammalian kidney cortex, yet its function 
in the animal economy, if any, is almost unknown. One of the important facts 
still missing is a knowledge of the particular cells in the kidney cortex from 
which renin originates. Friedman & Kaplan (1942) attempted to answer the 
question by studying the renin content of fish kidneys. Extracts of the 
glomerular kidney of the freshwater fish, Cyprinus carpio and Ameurus nebu- 
losus, were pressor in the dog, whereas those from the non-glomerular kidneys 
of the marine midshipman fish, Porichthys notatus, were not. This was taken to 
indicate that renin was produced in or near the glomeruli. It was shown later, 
however, that pressor substances could not be obtained from the glomerular 
kidneys of other marine fish (Friedman & Kaplan, 1942; Bean, 1942). Another 
study of Kaplan & Friedman (1942) of the renin content of kidney from pig 
foetuses at various stages of development led them to conclude that the 
tubules may produce renin. A more direct attack was attempted by Friedman 
& Kaplan (1943), who produced specific necrosis of the proximal tubules by 
administration of sodium tartrate to rabbits and correlated the degree of 
necrosis with a reduction in the renin content of the kidneys. They concluded 
that: the proximal tubules were the site of renin formation. This work has been 
repeated by Govaerts & Verniory (1948) and Yoshimura & Negishi (1954), who 
were unable to confirm that necrosis of the proximal tubules by tartrate 
reduced the renin content of the kidney. | 

Taquini, Fasciolo & Luna (1950) studied the renin content of successive 
layers down through the kidney cortex of the cat, dog, ox and pig. They found 
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that the superficial layers contained more renin, and that in the dog the outer- 
most layer contained no glomeruli. In view of this, they concluded that the 
source of renin could not be in glomeruli or juxtaglomerular structures. 

Cook, Gordon & Peart (1956), using rabbits’ kidneys, found most of the 
renin in the outer half of the cortex but none in the thin subcapsular region 
which is devoid of glomeruli. They attempted to separate glomeruli from the 
cortex by picking them from a suspension of fragmented kidney with a micro- 
pipette. This took too long and the activity of the extracts was inconstant. 
It seemed clear that, to get a final answer, a more rapid method with a higher 
yield was required. | 

We have devised such a technique, whereby magnetic iron oxide is intro- 
duced into the glomeruli which are then selectively removed from a suspension 
of kidney fragments with an electromagnet. This method has been described in 
detail (Cook & Pickering, 1958) and will merely be outlined here. — 


METHODS 


Separation of glomeruli from the kidney cortex. A few minutes after intravenous injection of 
heparin (1000 u.), a healthy rabbit of any age and of either sex was killed by a blow and the renal 
arteries were. quickly cannulated. A suspension of magnetic oxide of iron in gum acacia saline 
was infused into the kidneys at 120 mm Hg pressure, the renal veins being cut. When about 50 ml. 
of fluid had been perfused and the kidneys had assumed an even grey colour, they were removed to 
the cold laboratory (4° C). The kidneys were then sliced and the cortex cut from each slice and 
pressed through a 150 mesh stainless-steel sieve. The resultant mush was suspended in McEwen’s 
solution (McEwen, 1956), centrifuged slowly and the supernatant fluid discarded. (The choice of 
McEwen’s solution was fortuitous and it was used in all experiments because it proved satisfactory 
in the first. The more familiar Krebs’s solution is also satisfactory.) After so washing twice, the 
residue was resuspended in McEwen’s solution and allowed to flow past an electromagnet, which 
removed the magnetic glomeruli. This process was repeated until microscopic examination of the 
magnetic and non-magnetic fractions showed that a satisfactory separation of glomeruli had been 
achieved (Plate 1). Portions of both fractions were then taken; 0-2 ml. for nitrogen determination, 
5 ml. for renin estimation and the remainder for histology. The time taken from excising the 
kidney to the final division varied between 1 and 3hr. Renal fragments so prepared and so 
suspended in McEwen’s solution at 4° C showed no diminutidn of renin content in 6 hr. 

Renin assay. The tissue, which had been kept in the deep freeze at - 20° C until required, was 
homogenized, made to a known concentration with saline and centrifuged. The supernatant fluid 
was then assayed for renin by its pressor effect in the rat anaesthetized with pentobarbital and 
treated with pentapyrrolidinium, the blood pressure being recorded from the common carotid 
artery (cf. Peart, 1955). With the exception of the first six experiments (Table 2), each unknown 
sample was compared with a standard preparation of rabbit renin made by the alcohol method of 
Pickering & Prinzmetal (1938). Alternate doses of unknown and standard were given and the 
unknown was bracketed between two doses of standard (Text-fig. 1 is a typical assay). The 
substance assayed was characterized as renin by the following criteria: (1) the shape and duration 
of the recorded response were identical with that due to the standard renin; (2) boiling for 5 min 
destroyed all pressor activity of the extracts; (3) samples, at random, were incubated with rat 
plasma to produce angiotensin, identified by its pressor response and resistance to boiling. Addi- 
tion of the magnetic oxide to samples did not reduce the pressor activity of active extracts, nor 
did it give pressor activity to inactive extracts. While the standard used in this work was prepared — 
in the same way as that of Pickering & Prinzmetal (1938), it cannot be assumed to be identical 
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_ with it. The same standard was, however, used throughout this work and internal comparisons 


are legitimate. 
soa determination. Total nitrogen in 0-2 ml. portions of the tissue suspension was deter- 
mined in triplicate by a micro-Kjeldahl method of Hawes & Skaviuski (1942). A slight modifica. 
tion was introduced in that the apparatus was all glass, and a solution of 4 g boric acid and 10 g 
NaCl/100 ml. was used to absorb the ammonia, which was titrated with 0-0143N-H,SO,, by means 
of a micrometer syringe and bromocresol green indicator. The nitrogen estimations were found 
to be unaffected by the presence of the magnetic iron oxide. 


Renin assay 
100— 
a 
a 80— 
minutes 


ml. 0-03 0-05 0:03 0-05 0:07 0-05 0-07 0-05 0-05 0-05 


Text-fig. 1. The assay of the renin content of an extract. The pressor effect in the rat of 0-05 ml. 
of the extract (at 7) is compared with 0-03, 0-05 and 0-07 ml. of the rtandard renin (at 5). 


TABLE 1. Nitrogen determinations in samples of tissue suspensions 
Ordinary micro- Hawes & Skavinski 


Kjeldah! method method 
(mg N/10 ml.) (mg N/10 ml.) 
1 1-84 1-78 
2 1-78 1-81 
3 1-87 1-81 
Average 1-83 | 1-80 


To test the accuracy of the sampling method, a determination of the nitrogen in 10 ml. of a 
kidney tissue suspension was made: (a) by ordinary micro-Kjeldahl method, with 10 ml, portions; 
(b) by the Hawes & Skavinski (1942), method, with 0-2 ml. portions. Table 1 shows that the 
methods agree well. 

Histology. After samples had been taken for nitrogen and renin estimations, the remaining 
tissue was fixed in Bouin’s fluid for subsequent microscopic investigation of the suspension both 
intact and after paraffin embedding and sectioning (Plate 3). These examinations have enabled 
us to estimate the proportions of glomerular and tubular tissue in each preparation. We had 
hoped to estimate the cells of the juxtaglomerular apparatus too. While we have been able to 
demonstrate these cells in the attachments of glomeruli so separated, this was so uncertain that 
we have refrained from estimation. 
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RESULTS 


The magnetic fraction, separated in the way described, consisted almost 
entirely of glomeruli, most of which were without Bowman’s capsule (Plate la), — 
About 1-2%, however, retained a complete capsule, together with varying 
lengths of proximal tubule and some tissue at the pole, sometimes including 
the macula densa. In some well filled glomeruli the oxide extended back into 
the afferent arteriole (Plate 3b), allowing a positive identification of this 
structure. By pouring through the 150 mesh sieve the magnetic fraction was 
further separated into glomeruli with attached fragments of other tissue, 
which remained on top of the sieve, and glomeruli without, or with relatively 
small, attachments, which went through (Plate 2). Only those glomeruli 
without large attachments were used in the experiments, unless otherwise 

The non-magnetic fraction consisted chiefly of fragmented tubules but 
contained small fragments of vascular and connective tissue (Plate 1b). It 
looked, in fact, what one would expect of fragmented kidney tissue from which 
the glomeruli had been removed. In some cases detailed examination showed 
the presence of a few glomeruli without iron oxide. These and identifiable 
fragments of glomeruli never amounted to more than about 5% of the tissue 
and were generally very much less. The glomerular and tubular contents 
respectively of the magnetic arid non-magnetic fractions were determined by 
spreading a sample of each fraction on a glass slide engraved with a graticule 
and estimating the areas occupied by these structures and other tissue. 


TABLE 2. Contents and pressor activity of magnetic and non-magnetic fractions 


Pressor activity ; 
ratio of magnetic 


Magnetic fractions Non-magnetic fractions to non-magnetic 
: (% non-glomerular (% glomerular fraction (per mg 
Experiment contamination) contamination) dry tissue weight) 
1 2 5 1 5 
2 1 1 6 
0 5 
4 l 1 5 
5 0 7:5 (12+5)* 
6T 5 10-5 (40) 


* Figures in brackets represent ratio after allowance for the oxide in the glomeruli. 
t Animal fed on cholesterol diet 1 month. 


Table 2 shows the results of six experiments in which the pressor activity 
per milligram dry weight of glomeruli without attachments was compared 
with that of the non-magnetic fraction. Experiments 1 to 4 took no account of 
the iron oxide present in the glomeruli. In Experiments 5 and 6 the oxide was 
separated magnetically, washed with strong alkali, water, alcohol and ether, 
then dried to constant weight. The sources of error of this method were 
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considerable and in subsequent experiments total nitrogen was used as a basis 
on which to compare the renin content. 

In the next series of experiments (Table 3) the cortex was divided by a 
free-hand cut into an outer and an inner layer of approximately equal thick- 
ness, and magnetic and non-magnetic fractions separated from each layer in 
the ordinary way. The order in which the inner and outer layers were processed 
was varied systematically in the whole series. Glomeruli from both layers were 
used, but only tubules from the outer layer were used for comparison because 
the inner layer could not be guaranteed free from medullary tissue, which does 
not contain renin. As Table 3 shows, the outer glomeruli always contained 
more renin per milligram of nitrogen than the inner glomeruli, which i in turn 
contained more than the outer tubules. 


TaBLE 3. Renin content of glomeruli and tubules (units/mg N) 


Outer glomeruli 210 67 © 64 63 23 10 3-5 
Inner glomeruli 53 21 24 19 4 19 0-6 
Outer tubules 12 21 0-9 04 19 03 


_ Tape 4, Renin content of glomeruli (units/mg N) in different parts of the cortex 


Whole cortex 
A Outer Outer Outer Inner 
With attached ents 42 22 35-8 150 | 7-6 
Without attached ts 76 | 38 53 64 3:5 5-1 1+] 


In the preceding experiments the glomeruli with attached fragments of 
other tissue had always been discarded as impure. Curiosity led us, however, 
to estimate their renin content, which was found to be very high. A series of 
experiments was therefore deliberately performed to compare glomeruli with 
and without attachments. The results are recorded in Table 4 which shows 
experiments made with the whole cortex, and with its outer and inner layers 
separately. Whatever the source, the glomeruli with attachments contained 
more renin per milligram of aia than those without, or with fewer, such 
fragments. 

The large variations in the renin content in different experiments made us 
wonder whether the method of processing was itself responsible for the varia- 
tions. To investigate this, both kidneys were injected with iron oxide and one 
was bisected coronally. The two halves of the one kidney and the whole of the 
other were processed separately. The results shown in Table 5 demonstrate a 
remarkably good agreement. The differences in renin content per milligram of 
nitrogen between glomeruli separated from different rabbits thus probably 
represent real variations. The range of variation, for example, among inner 
glomeruli or among outer glomeruli in Table 3 is almost a hundredfold. This 
is greater than the range found by Pickering, Prinzmetal & Kelsall (1942) on 
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whole kidney, which varied from 0-2 to 5-6 units/g in 60 normal rabbits. They 
found the content greater in small than in large rabbits. 

The non-magnetic fraction undoubtedly contained renin. This might have 
been there because renin is located in a structure naturally occurring in it, or 
because inert material picked up active material from the magnetic fraction 
during processing. To investigate the latter possibility, we added separated 
glomeruli to medullary tubules, then separated the mixture into magnetic 
and non-magnetic fractions in the usual way and usual time, assaying the 
medullary material before and after. Four experiments were done. Two were 
purely qualitative but showed quite definitely that a small quantity of renin 
could be transferred to the non-magnetic fraction. Difficulties were experienced 


TaBiLe 5. Renin content (units/mg N) in portions of kidney of the same animal 


Glomeruli Tubules 
Bisected Bisected kidney 
ite Opposite 
Rabbit fot half | 2nd half kidney Ist half 2nd half kidney | 
1 49 44 — 19 2 sis 
2 46 46 44 1-4 
3 9 eee 0-5 0-2 0-2 


in a quantitative assay owing-to the presence of a depressor substance in the 
medullary tissue. In subsequent experiments this was removed by dialysing 
all extracts before assay. Of the two quantitative experiments, one was incon- 
clusive because the extract of the medullary tissue which had been added to 
and separated from glomeruli gave a peculiar response in the assay rat. The 
other experiment showed that about one-quarter of the renin in the non- 
magnetic fraction could be accounted for by transfer from the magnetic 
fraction during processing. We did not pursue these experiments further © 
because of the doubt as to whether they might not mislead us. Clearly, what- 
ever contains renin can be transferred from the magnetic to the non-magnetic 
fraction. The experiments would not answer the vital question as to the way 
it was transferred and, in particular, whether it was through transfer of a 
specific renin-carrying cell. 
DISCUSSION 


The observations described in this paper suggest that the cells responsible for 
the formation of renin are in, or close to, the glomeruli. Weight for weight there 
is always much more renin in the fraction that is predominantly glomerular 
than in that predominantly tubular. In considering the kind of structure 
concerned, two other findings must be taken into account, namely, that the 
outer glomeruli contain more renin than the inner, and that glomeruli with 
attached fragments contain more than those without such fragments. ; 
These results admit two possible interpretations, depending upon whether 
the cells which form renin are conspicuous histologically or not. If they are 
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conspicuous histologically, the most likely possibilities are cells located near 
the vascular pole of the glomerulus, namely, the macula densa (Plate 3a) and 
the cells that have been variously described as the juxtaglomerular apparatus 
and ‘polkissen’. Non-fibrillary cells in the walls of the renal arteries and 
arterioles were first described by Ruyter (1925), particularly at the division of 
the afferent arterioles into the glomerular capillaries. Goormaghtigh (1932) 
grouped these non-fibrillary cells of the afferent arteriole, together with neigh- 
bouring nerves and the contractile cells, as the juxtaglomerular apparatus. 
Zimmerman (1933) also described non-fibrillary cells between the vascular pole 
of the glomerulus and the macula densa of the distal tubule. He named these 
cells the ‘ polkissen’. Goormaghtigh & Grimson (1939) consider that the cells 
of the polkissen form a part of the juxtaglomerular apparatus. Goormaghtigh 
(1944) believes that the cells of the juxtaglomerular apparatus are secretory 
because they contain granules which are coloured variously with the trichrome 
stains. These granular cells are most conspicuous in the juxtaglomerular 
apparatus of the superficial glomeruli. They are less conspicuous or absent 
from the deeper glomeruli and they occur occasionally in the media of the 
afferent arterioles. He has shown that these cells increase in number and in 
granularity when the renal artery is constricted by Goldblatt’s method in the 
rabbit. During the first 48 hr the granules tend to disappear from the super- 


ficial glomeruli. After 8} hr mitoses are found, and after 24 hr granulations 


appear in the cells of the arterioles. From 48 hr a strong granular reaction 
appears in all the juxtaglomerular apparatuses. This reaction persists during 


at least 6 months, after which it subsides. This evidence has led Goormaghtigh — 


to suppose that these granular cells secrete a vasoactive substance, probably 
renin. Other observations made in the human subject have led him to similar 
conclusions. Although Goormaghtigh did not assay his kidneys for renin, this 
was done in the rabbit by Pickering et al. (1942), who found an increase in the 
renin content of the kidney during the first week after renal artery constriction, 
but after 2 months or more the renin content was normal. 

Goormaghtigh’s (1944) observations in the hypertensive rabbit were in 
general confirmed by Dunihue & Candon (1940) and Dunihue (1941). Goor- 
maghtigh & Grimson (1939) reported hypertrophy of the juxtaglomerular 
apparatus in renal ischaemia in dogs whose renal arteries had been constricted 
and who had hypertension of 2-18 months’ duration. Kaufman (1948) 
described hypertrophy and hyperplasia but not increased granularity of the 


juxtaglomerular apparatus in chronic pyelonephritis and hypertension in man. - 


Graef & Smith (1940), examining kidneys of various species, including dog 
and man, confirmed the increase of granular cells in renal ischaemia described 
by Goormaghtigh, but said ‘ Variation in the appearance of the arteriolar media 
in normal kidneys is great enough to warrant doubt concerning the significance 
of hyperplastic changes when observed without evaluation of blood flow’. 
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Hartroft & Hartroft (1953) showed that in rats a diet low in sodium chloride 
caused accumulation of granules, while 2°% sodium chloride in the drinking 
water caused degranulation of the juxtaglomerular cells. _Deoxycortone 
acetate also produced degranulation of the cells, an observation confirmed by 
Dunihue & Robertson (1957). Tobian, Thompson, Twedt & Janacek (1958), 
counting the juxtaglomerular cells and their granularity by the Hartroft 
method, found that in the rat constricting one renal artery, the other kidney 
being intact, led to an increase in granularity in the clipped and a decrease in 
the unclipped kidney after 10 weeks. A low-salt diet increased the granulation, 
while deoxycortone acetate and salt caused disappearance of the granules: 
adrenalectomy doubled the juxtaglomerular index. Recently Tobian, Janacek 
& Tomboulian (1959) have found a strong correlation between the granulation 
of the juxtaglomerular cells and extractable renin in the kidneys of rats with 
experimental hypertension. 

These observations together leave little doubt that the juxtaglomerular 
cells are secretory, that they are affected by constriction of the renal arteries, 
and suggest that they play some part in the regulation of salt excretion by the 
kidney, at least in the rat. However, the observations are far from conclusive 
in showing that the substance secreted is in fact renin. Renin does, however, 
remain a possibility, particularly in view of the changes in the juxtaglomerular 
apparatus and in the renal content of renin effected by renal artery constric- 
tion, and the fact that in the rat as in the rabbit (Pickering & Prinzmetal, 
1940) renin has an action on the renal excretion of sodium and chloride. 

If renin is secreted by a cell, or contained in a structure, without conspicuous 
histological characteristics, the chief possibilities are the cells of the epithelial 
lining of Bowman’s capsule and its underlying basement membrane, and the 
cells of the glomerular capillaries. Recently Nairn, Fraser & Chadwick (1959) 
have prepared an anti-serum to purified pig renin and have found that the 
fluorescent-labelled antibody is most abundantly fixed by the cells and base- 
‘ment membrane of Bowman’s capsule and glomerular capillaries. However, 
these observations again are not conclusive, since the renin was not chemically 
pure and it is known that antibodies to crude renal extracts are most abund- 
antly located in. similar structures (Cruickshank & Hill, 1953; Hill & Cruick- 
shank, 1953). | 

Our observations are clearly compatible with either of the above hypotheses. 
Thus a structure at the vascular pole might be found in both fractions but 
would be more abundant in the magnetic fraction and would be expected to 
occur more frequently in glomeruli with large attached fragments than in those 
with small, or no such, fragments. Again, the origin of renin in the juxta- 
glomerular cells would account for our observation of the relative richness of 
the superficial glomeruli. Using Masson’s trichrome stain (Goormaghtigh, 
1944) and Bowie’s stain (Hartroft & Hartroft, 1953), we have been able to 
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demonstrate granular cells in the walls of the afferent arteriole proximal to its 
branching into the glomerular capillaries in sections of the glomeruli isolated 
by the magnetic method described. These granules have been easier to demon- 
strate in the preparations of glomeruli with attached fragments, as would be 
expected. 

Our observations would however be just as easily explained by the origin of 
renin in the capsule, either in the cells of the epithelium or basement membrane. 
Thus, when the kidney is pressed through the sieve some glomeruli retain 
their capsules complete while others lose the parietal layer. These cells no 
doubt appear in the non-magnetic fraction. Glomeruli with attached fragments 
mostly have complete capsules. Most of those without fragments have lost 
the parietal part of the capsule (Plate 2). In this way the greater richness of 
the glomeruli with fragments could be explained. It will be clear from this 
discussion that.we cannot go further than to say that renin is located in or 
near to the glomerulus. The exact nature of the cells concerned remains to be 
determined. 

Bing & Wiberg (1958) have recently described observations with a similar 
purpose to that described here. In the rabbit kidney they too have found the 
outer non-glomerular zone devoid of renin, while in the glomerular zone there 
is more per unit volume of tissue in the peripheral cortex than in deeper 
regions. To locate renin more accurately they used two methods. They found 
that destruction of the glomerular tufts alone, by a minute thermo-cautery, 


did not alter the renin content; but if the destruction was more extensive, so — 
that the zone surrounding the tufts was discoloured, the renin content was. 


reduced to about half. They concluded, therefore, that renin was probably 
located in part of the tubular or in the small vessels adjacent to the glomeruli. 
This conclusion was fortified by estimations made on glomerular tufts removed 
from sections by micro-manipulations. These tufts contained no detectable 
renin while the tissue left after their removal did. 


SUMMARY 


1, A rapid method for separating glomeruli from other renal tissue has been 
devised. The glomeruli were filled with magnetic oxide of iron, the kidney 
fragmented by pressing through a sieve and the glomeruli separated by a 
magnet from the rest. 

2. The magnetic fraction, over 95% of which was glomeruli, always con- 
tained more renin per milligram of nitrogen than the anvinea ed fraction, 
over 95°% of which was tubules. 


3. The glomeruli of the outer cortex contained more renin per milligram of 
nitrogen than those of the inner cortex. 

4. Glomeruli with attached fragments contained more renin per milligram 
of nitrogen than those without such fragments. Glomeruli with fragments 
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differed from those without in having capsules with attached segments of 
proximal tubule, afferent and efferent arteries and macula densa. 

5. Itis concluded that renin originates in cells in, or close to, the glomerulus. 
The most probable are either specialized cells at the vascular pole (the granular 
cells of the juxtagiomerular apparatus, the cells of the polkissen, or those of 
the macula densa), or else the epithelial cells of Bowman’s capsule and 
glomerular capillaries. The evidence does not yet allow a decision as to which. 


We acknowledge gratefully the help given by Dr Croft of the Clarendon Laboratory for his advice 
on magnets; and thank Dr Cowdell, Mr Leach and Mrs Jackson for photomicrographs and prints. 
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EXPLANATION OF PLATES 


Plate 1. Magnetic (a) and non-magnetic (b) fractions of kidney. 

Plate 2. Glomeruli without (a) and with (b) attached fragments of other tissue. 

Plate 3. Masson trichrome stained sections of glomeruli with attachments. (a) The macula 
densa attached to the upper edge of the centre glomerulus; (b) a glomerulus with capsule 
and proximal tubule (to the left) and afferent arteriole (to the right). 
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INTRARETINAL RECORDING WITH MICROPIPETTE 
ELECTRODES IN THE INTACT CAT EYE 


By K. T. BROWN* anp T. N. WIESELT 


From the Wilmer Institute, The Johns Hopkins Medical School, Baltimore 5, 
Maryland, U.S.A. 


(Received 13 July 1959) 


The earliest recordings from single units of the mammalian retina were made 
by Granit (1941), who removed the cornea and lens and recorded the activity 
of single ganglion cells with a glass-insulated wire electrode on the retinal 
surface. Talbot & Kuffler (1952) developed methods for using wire electrodes 
in an intact mammalian eye. The normal optics made it possible to stimulate 
the retina with small, well-focused spots of light, and to view the retina 
directly for positioning the electrode and stimulus. With this technique 
_ Kuffler (1953) investigated receptive field organization of single ganglion 
cells. 

Since wire electrodes record only from the sstinal surface, intraretinal 
electrodes extend the problems which may be studied. Micropipette electrodes 
have now been used in the opened cat eye by Motokawa, Oikawa & Tasaki 
(1957) and Griisser (1957). The present authors have given a preliminary 
report on intraretinal recording with micropipette electrodes in the intact 
cat eye (Brown & Wiesel, 1958), and the techniques will be described fully in 
this paper. 

The main problems undertaken were as follows: (1) Determination of the 
sequence of electrical events during a retinal penetration, and development 
of physiological methods for locating the electrode tip. (2) Detection of a 
membrane with characteristics similar to the ‘R membrane’ described by 
Brindley (1956), and anatomical identification of that membrane. (3) Identi- 
fication of single cells in the ganglionic and inner nuclear layers, and study 

of the discharge patterns and receptive field organization of these cells. 


* Present address: Department of Physiology, University of California Medical Center, 
San Francisco 22, California, U.S.A. 
+ Present address: Harvard Medical School, 25 Shattuck Street, Boston 15, Mass., U.S.A. 
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(4) Isolation and study of single units which yield only graded slow potentials, 
The intraretinal e.r.g. has also been studied, but detailed results of that work 
will not be presented in this paper. 


METHODS 


Material. About 125 cats were used over a three-year period. Animals were first anaesthetized by 
an intraperitoneal injection of pentobarbital (20-30 mg/kg), followed within about 1 hr by dial- 
urethane (Ciba, 0-25 ml./kg). The injection of dial-urethane was repeated later as required. Stable 
relaxation of skeletal muscles was obtained by a continuous intravenous infusion of succinylcholine 
at about 10 mg/kg/hr. The succinylcholine was given in a solution of 25% dextrose and 
3% dextran, in normal saline, injected at about 6-9 ml./hr. Normal rectal temperature was 
maintained by chemical heating pads. Experiments frequently lasted 16 hr, and on several 
occasions the preparation was in good condition for 2 days. 

Eye operation. The head was held with two ear plugs and a screw on the back of the head. 
The head holder was mounted on a compound rest for aligning the eye with the beam of the 
ophthalmoscope. A device for holding the left eye and controlling the electrode was attached 
directly to the head holder; this device is illustrated in Pl. 1, fig. 1. 

Atropine was used to dilate the pupil and relax accommodation. The temporal side of the eye 
was exposed, the membrana nictitans was removed, and a contact lens was applied to protect 
the cornea from drying. An incision was made in the conjunctival sac, nearly all the way around 
the eye, at about 8 mm from the limbus. The eye ring was then positioned and the limbal portion 
of the conjunctiva was brought up through the centre and spread outward. The conjunctiva was 
attached to the ring with haemostatic forceps, and after 10-15 min it adhered firmly to the ring by 
drying so that the forceps could be removed. The ring was used to lift the eye slightly from the 
orbit; otherwise the orbital blood vessels sometimes caused retinal movements. Since the eye 
was held firmly, care was required that the position of the eye was sufficiently normal not to 
interfere with the retinal circulation. Movement of blood could be seen in the smaller vessels of 
the cat retina, even when the eye was unmounted, by using a hand ophthalmoscope. Thus blood 
flow was observed directly to make sure it was normal after mounting the eye. _ 

Contact lens technique. Plano lenses 16 mm in diameter were used. Two lenses with internal 
radii of curvature 9-0 and 9-5 mm respectively were sufficient to fit adult cats. Glass lenses were 
required, since the front surface was used dry and had to be free from scratches (lenses made by 
Parsons Optical Laboratories, San Francisco). A buffered contact-lens solution was used to 
“prevent loss in transparency of the corneal epithelium. With 0-9% saline the corneal epithelium 
usually becomes cloudy within a few hours, presumably because CO, from corneal metabolism 
causes a decrease in pH of the solution (Hind & Goyan, 1950). The buffered solution in this work 
was Barnes—Hind No. 502, which was changed about every 6 hr, and which maintained trans- 

parency of the cornea even during the longest experiments (obtained from Barnes—Hind Pharmacy, 
San Francisco). 

Electrode insertion and control. The device for holding and advancing the electrode was supported 
by a ball joint, the ball of which was against the sclera just below the limbus (see Pl. 1, fig. 1). 
A No. 18 steel needle with a solid steel core was inserted into a passage through this ball, and 
then pushed through the outer coats of the eye into the fundus. The needle did not penetrate 
into the vitreous body because the hyaloid membrane enveloping the vitreous is exceedingly 
tough and elastic. The most satisfactory tip shape was like that of a spinal Quincke needle, but 
the length of the tapered portion was increased about 50% and the tip was sharpened by hand 
to a very fine edge. The taper of the core was also made blunter than that of the tube, to eliminate 
edges which tend to catch membranes. Such a needle readily penetrates the outer coats of the eye, 
and any retinal or choroidal detachments which occur do not spread beyond the immediate locus 
of penetration. The fundus was observed during penetration, and the needle was inserted by 
hand only far enough to penetrate the outer coats of the eye. Then the needle was withdrawn 
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until it began to move through the tissue, thus re-establishing the normal shape of the eyeball 
at the point of insertion, and the outer tube was clamped in this position. The core was then drawn 
straight out, leaving over the end of the tube a single layer of hyaloid membrane which could be 
penetrated by the micro-electrode. As the core was withdrawn, the outer end of the tube was 
bathed in saline so that saline, instead of air bubbles, was drawn into the tube as the core was 
removed. The core was immediately replaced by an electrode which fitted the tube closely enough 
to prevent any appreciable fluid loss. The electrode was pushed by hand to within 1 or 2 mm from 
the retina, and then clamped to the advancer. The electrode was aimed by means of the ball 
joint, and the range of movement included the nasal retina, optic disk and area centralis, 

The electrode advancer. consisted of a glass syringe at the electrode end and a metal bellows at 
the other end, connected by a polyethylene tube. The system was filled with mineral oil, and a 
micrometer screw controlled the length of the metal bellows. The electrode could be moved 
over a range of 5 mm by steps as small as about 1-0 ». If a given micrometer setting was made 
repeatedly, always moving in the same direction, the electrode varied only +1 yu from the mean 
position; backlash was 10 p. 

Micro-electrodes. The electrodes were pulled from lime glass tubing with an outside diameter 
of 0-8 mm (Schaar and Co., No. G3620). Tips were formed by a two-stage puller of the type 
designed by Alexander & Nastuk (1953) and made by Industrial Science Associates, Ridgewood, 
N.Y. The distance from the tip to the end of the taper was 4-6 mm. The tip diameter was less 
than 0-5 p, the taper was approximately straight during the first 300 y, and at 300 u from the tip 
the outside diameter was about 15 ». When filled with 3 m-KCl, d.c. resistances were 15-30 MQ; 
d.c. resistance was determined by a matching method, with the electrode in the eye, using a current 
through the electrode not exceeding 10-* A. 

Electrodes were filled by a modification of the alcohol method described by Tasaki, Polley & 
Orrego (1954). After filling with absolute methyl alcohol by gentle boiling, a slender tube was — 
inserted into the electrode shaft to fill it first with distilled water and then with 3 m-KCl. Next 
the electrode was placed in 3 m-KCl, and the d.c. resistance dropped to its final value within 
about 1 hr. Thus each electrode could be stored in alcohol until the ay it was used; this minimized 
damage to the tips by KCI. 

Stimulus system. The multibeam ophthalmoscope designed by Talbot & Kuffler (1952) and 
slightly modified by Barlow, Fitzhugh & Kuffler (1957) was used for stimulating and viewing the 
retina. As used in this work, the instrument provided one background and one stimulus beam. 
A tungsten light source in the background beam gave a uniformly illuminated circular area 
about 3-58 mm in diameter on the cat’s retina, with a maximum retinal illuminance of 2-34 log m.c. 
A glow modulator tube in the stimulus beam gave square light pulses of variable duration and 
repetition frequency, with a maximum retinal illuminance of 1-85 log m.c. The procedure for 
measuring retinal illuminance has been described previously (Barlow et al. 1957). The intensities 
of both beams were controlled by neutral density filters. A set of field stops in the stimulus beam 
provided stimuli with diameters varying from about 0-125 to 3-00 mm on the retina. Central 
portions of the larger apertures could be occluded to produce annular stimuli. A movable aperture 
was also provided to position a small stimulus spot anywhere within a circular retinal area about 
3-00 mm in diameter. Thus receptive fields could be explored while holding the background beam 


_ in a constant position. A telescopic viewing beam was used at a magnification of about 40 x. 


The background, stimulus, and viewing beams were combined. by semi- reflecting mirrors so that 
they were concentric with one another and all moved together wth the head of the ophthalmo- 
scope. The beams could be directed toward any part of the retina within about 40° from the 
optical axis of the eye. Stimuli were focused upon the retina by observing the retinal stimulus 
spot directly through the viewing beam. Spherical lenses in 0-25 dioptre steps were used for 
refraction. 

Recording system. One chlorided silver wire made contact with the KCl in the micro-electrode, 
and another was used subcutaneously on the back of the head as an indifferent electrode. A nega- 
tive capacitance pre-amplifier was used, of the type developed by MacNichol & Wagner (1954), 
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with a grid current of about 5x 10-¥ A. The pte-amplifier was fed into a wide-band a.c.-d.c. 
amplifier and then to a loudspeaker and one beam of a dual-beam oscilloscope. The second beam 
recorded duration of stimulus. 


Stabilization of retinal tissue 


Small retinal movements are a greater problem with micropipette electrodes than with wire 
surface electrodes, since micropipettes move readily through the retina, Thus the methods of 
Kuffler (1953) for controlling retinal movements with surface electrodes were mipquate with 
micropipettes. 


Mechanical disturbances were minimized by mounting the preparation and ophthalmoscope at _ 
two separate points on a heavy Kemrock table top. Succinylcholine seemed superior to other 


muscle relaxants tested (tubocurarine, gallamine triethiodide, decamethonium bromide) for 
maintaining the general condition of the animal during long experiments. There is also evidence 
that the other relaxants affect central nervous activity, but little or no effect has been found with 
succinylcholine (Purpura & Grundfest, 1956; Chennells, 1957; Mountcastle, Davies & Berman, 
1957). After a single injection of succinylcholine the extraocular muscles undergo a strong con- 


tracture which rotates the eye into a fixed position and raises intraocular pressure (Lincoff, © 


Breinin & DeVoe, 1957; Macri & Grimes, 1957). With continuous intravenous irifusion these 


phenomena disappeared within 10-40 min, after which there were no serious difficulties from 
muscle movements. 


Inspiration Expiration 


Text-fig. 1. Recording of pulse and respiratory movements at retinal surface, using the trans- 
ducer property of a micropipette electrode. In A the electrode made contact with the retina 
only during late inspiration and early expiration, as is indicated by recording pulse move- 
ments. In B the electrode was advanced another 6 », which was just enough to establish 


continuous retinal contact, as is indicated by continuous recording of pulse movements. 
Artificial respiration at 2-7 sec per cycle, closed chest cavity, and low intraocular pressure. 


Negative is upward in this record and all other records in this paper, except for intracellular 


recordings which are shown with positive upward. 


Pulse pressure, respiration, and slow changes in fluid balance within the eye all created move- 
ment problems. Any retinal movement which deformed the tip of the electrode produced a 
transducer effect and was recorded as a voltage signal. In the vitreous humour the recording 


- base line was steady, but when contact was made with the retina the pulse beat of the surface 


blood vessels appeared in the record. This index of retinal contact was used to detect larger types 
of mov: ment. Text-figure 1 illustrates retinal respiratory movement under conditions of a closed 
chest cavity, and unusually low intraocular pressure, so that the movement was especially 
distinct. The respiratory excursion of the retina was measured by how far the electrode had to 
be advanced to pass from the point of minimal intermittent contact (Text-fig. 1.4) to the point 
where continuous contact with the retina was established (Text-fig. 1 B). The respiratory excursion 
was only 6 »; thus the intermittent contact in Text-fig. 1A illustrates that the pulse beat is a 
sensitive and unequivocal index of retinal contact. 

Respiratory movement of the retina was found to be due primarily to changes of intrathoracic 
pressure, rather than movements of the chest wall. This was determined by usinz both natural and 
artificial respiration and noting that the retina always moved forward when intrathoracic pressure 
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increased, regardless of the accompanying direction of movement of the chest wall. Intrathoracic 
pressure is known to affect intracranial pressure through the circulatory system (Livingston, 1955), 
and intracranial pressure influences venous return from the retina through the central retinal 
vein (Adler, 1953). This is probably the major route whereby respiration produces retinal move- 
ments. Unilateral pneumothorax greatly reduced respiratory movement, providing that the chest 
cavity was kept large in relation to the lung expansion. A blunt hook was inserted to lift the 
chest wall, maximally expanding the chest cavity. Artificial respiration was carried out with 
room air at about 18 ¢/min, and the lungs were minimally inflated consistent with adequate 
ventilation, Some respiratory movement may also be transmitted to the retina mechanically; 
precautions against such movements included severing the trachea above the cannulation and 
clamping the jaws together. 

The pulse pressure movements seem due primarily to pulse pressure in the retinal and choroidal 
vessels, since pulse recording during a retinal penetration was greatly reduced or absent in avascular 
layers of the retina. Pulse movements involving the entire retina were negligible unless the eye 
was allowed to rest in the orbit, presumably pressing against orbital blood vessels. 

Since pulse and respiratory movements seem to be due to changes of blood pressure within 
the eye, these movements are influenced by intraocular pressure. Both types of movement are 
greatly enhanced by lowering intraocular pressure and clearly damped by increasing the intra- 
ocular pressure toward normal. Thus the intact eye serv-s the same purpose for stable retinal 
recording that the closed chamber developed by Davies (1956) does for cortical recording. . 

If a retinal contact was made immediately after inserting an electrode, the contact was soon 
lost. A further advance of the electrode re-established contact, after which the process was 
repeated. Thus the retina drifted slowly away from the electrode. Some fluid was lost from the 


_eye while inserting an electrode, which produced a distinct fall of intraocular pressure, and the 


slow retinal drift was undoubtedly due to an increase of intraocular pressure toward normal as 
new aqueous humour was formed. These movements always disappeared slowly and were usually 
undetectable after 10-15 min. | 

When movements were handled as described, the retina was very stable. Respiratory movement 
was so small that an intermittent contact could nut be made, and pulse movements were too 
small to measure. Thus stable extracellular are from single cells were maintained up to 
4hr, and | hr was not unusual. 


Transducer properties of micropipette electrodes 

Mechano-electric transducer actions of micropipette electrodes were found very useful i in this 
work. Since small tissue movements were recorded with great reliability, it seemed likely that 
the transducer action depended only upon deformation of the electrode tip. This hypothesis was 
tested by advancing electrodes against a smooth glass surface, at angles of 15-30°, while observing 
under water immersion at. 990 times magnification, When the tip made contact with the glass, 
the electrode became highly microphonic. Scratching the bottom of the heavy table top produced 
signals of 1 or 2 mV, although the vibration of the electrode shaft was barely visible under the 
microscope. After advancing another 1-3 y, changes in d.c. level and increases of electrode 
resistance were clearly detected. These observations were also made by advancing the electrode 
against polished platinum. Thus deformaticn of the electrode tip produces a voltage signal, and 
the transducer action is extremely sensitive. 

The electrode could sometimes be advanced a considerable distancs against glass without 
damage. In a typical case an advancement of 15 » beyond the contact point produced a positive 
d.c. shift of 15 mV while the electrode resistance increased from 12 to 40 MQ, the electrode 


remaining microphonic all the time. The tip then passed over a small pit in the glass face. In such 


cases as soon as the tip visibly lost contact with the glass, the microphonicity disappeared and 

both the electrode resistance and d.c. level returned to the values obtained before advancing 

against the glass. Since the portion of the electrode behind the tip was still in contact with the 

ees and distinctly bent, all effects of advancing against glass were due to changes occurring 
35-2 
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within a few micra from the ultimate tip. The effects of pressing against glass also disappeared if 
the tip was broken to a diameter of about 1 . 

Tip deformation always increased electrode resistance. Changes in d.c. level were either positive 
or negative, however, so the voltage signals were not due to changes of electrode resistance in 
association with grid current. These voltages were probably due to changes in tip potentials. 
Thus it seems likely that changes of tip potentials, as well as changes of electrode resistance, can 
both be produced by the common factor of deformation of the electrode orifice. Tip potentials 
were not measured in the present study, but unpredictable changes of tip potentials have been 
reported by del Castillo & Katz (1955) and Adrian (1956). These authors attributed the changes 
to plugging of the electrode by tissue, and present evidence suggests that tip deformation may 
also have been involved. 


Since tip deformation always increased electrode resistance, measurements of electrode resis- 


tance provided a sensitive and reliable indication of whether the electrode was advancing smoothly 
through tissue or pressing against some tough structure. If the electrode pressed against mechanic- 
ally resistant tissue, such as the membranes at the retinal surface, advancing the electrode only 
2 or 3 p'produced a discernible increase of electrode resistance. Appreciable increases of electrode 
resistance occurred only at certain retinal levels, primarily those levels where membranes are 
known to exist. Such increases of electrode resistance were usually reversible upon penetrating 
the membrane, or upon pulling back slightly. Occasionally an increase of electrode resistance 
was maintained even after withdrawing from the retina; these cases were attributed to persistent 
plugging. 


RESULTS 
The sequence of events during a retinal penetration 

The retina was always approached from the vitreous humour, and several 
thousand penetrations were made. Different retinal areas yielded comparable 
qualitative results; the measured depth of a given event varied between retinal 
areas, however, because of differences in retinal thickness and different angles 
of approach. Most penetrations were done in the part of the nasal periphery 
shown in Pl. 1, fig. 2, where the electrode approached as perpendicularly as 
possible, and all electrode depth values in this paper will be characteristic of 
that part of the retina. 

The stratification of retinal blood vessels provides three major landmarks 
when penetrating the retina. Surface vessels of the cat retina, like those of 
_ man, extend only from the internal limiting membrane to the outer margin of 
the inner nuclear layer (Michaelson, 1954). Deeper retinal layers are avascular, 
and the choroidal circulation extends from the outer margin of Bruch’s 
membrane to the sclera. A marked pulse beat was recorded from the retinal 


surface to about 40% of the total retinal depth, where it was sharply reduced 


in magnitude. The pulse beat was small or absent for the remainder of the 
retinal depth; then it returned strongly and remained strong during further 
advance through the choroid. Thus pulse recording by electrode transducer 
properties permitted identification of the retinal surface, outer margin of the 
inner nuclear layer, and Bruch’s membrane. 


The complete sequence of events during a retinal penetration will now be 
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described. The changes in pulse recording and other striking electrical events 
are summarized in Pl. 1, fig. 2. Karliest appearance of the pulse beat signalled 
retinal contact and gave the zero point for depth measurements. During a 
further advance of 15-30 , electrode resistance incres sed as much as 20-30 MQ. 
Then a fast positive—negative electrical transient occurred, after which electrode 
resistance returned to its original value. The diphasic transient was a reliable 
sign of penetrating surface membranes, which consist of the hyaloid mem- 
brane overlying the internal limiting membrane, 

Single unit discharges were sometimes seen immediately after penetrating 


_ the retina, but a slight additional advancement or withdrawal was usually 


required. These units were identified as ganglion cells because of their proximity 
to the retinal surface. Beyond the first layer of impulse activity was a narrow - 
zone, presumably corresponding to the inner plexiform layer, in which no 
stable single unit activity was recorded. At measured depths of 40-100 pu 
another layer of single unit impulse activity was often found. These units 
were identified in the inner nuclear layer by criteria described later in the 
present paper. 

On most penetrations some type of mechanical barrier was encountered at 
the outer margin of the second layer of impulse activity. Electrode resistance 
usually increased at that point; then a transient occurred, after which electrode 
resistance was back to normal. The intraretinal b- and c-waves increased 
sharply in amplitude when the barrier was passed. Single unit impulse activity 
was sometimes recorded just before penetrating the barrier; these impulses 
always disappeared at the moment of penetration, and impulse activity at 
further depths was never found. The sharp reduction of pulse recording, 
mentioned earlier, occurred when the barrier was passed. Thus the barrier 
seemed to be at the outer margin of the inner nuclear layer. No definite mem- 
brane is known in this region, but the barrier may result. from the high 
density of structures forming the sharp line of synapses between — 
and second-order neurones. 

Within a narrow zone of about 30 1, which seemed to be just anied the 
inner nuclear layer, recordings were occasionally obtained from single units 
which responded to light only with graded slow potentials. Detailed findings 
from these units are reported later in this paper. 

On rare occasions a sharp transient was noted at measured distances of 
75-100 . beyond the inner nuclear layer. No d.c. shift or distinct change in 
the e.r.g. was associated with this transient. After the transient was a zone 
of 30-50 u, within which pulse and respiratory movements were almost 
undetectable. This zone of movement-free recording was found consistently, 
whether preceded by the transient or not. The rare transient is believed to be 
due to the electrode occasionally catching upon a filament of the external 
limiting membrane, and the zone of the movement-free recording seems to 
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correspond to the layer of inner and outer receptor segments. Further details 
eappene these identifications will be presented later in this paper. 

At the outer margin of the movement-free zone, and at a total measured 
depth of 165-250 y, a strong pulse suddenly reappeared and electrode resis- 


tance increased. Then a negative d.c. shift of 30-60 mV occurred; after this - 


the electrode resistance was back to normal but the strong pulse remained. 
After the d.c. shift the entire e.r.g. was greatly reduced in amplitude. This 
complex of events occurred with great reliability and was identified with 
Bruch’s membrane. | 

Beyond Bruch’s membrane the only electrical events were deoticint and 
randomly occurring transients, d.c. shifts, and changes of electrode resistance. 
Pulse recording remained strong, and there were no further changes in the 
e.r.g. These results are predictable in a vascular, essentially equipotential 
medium like the choroid. The electrode always broke within about 100 pz 
beyond Bruch’s membrane, presumably against a blood vessel or the sclera. 

During withdrawal any given point was found at a measured depth of 
about 50 less than on the way in, owing primarily to tissue lag. Distances 
between events were generally the same as during penetration. Changes in 


‘pulse recording and the e.r.g. were faithfully reversed during withdrawal, and. 


some remainder of the d.c. shift across Bruch’s membrane was usually found, 
but single cell activity was seldom recorded. Neither changes in electrode 
resistance nor electrical transients were seen on the way out, indicating further 
that these events during penetration were due to mechanical barriers. 


Location of electrode within retina 


Since electrical events during a retinal penetration may be helediebed with 
definite structures in the histologically stratified pattern, the electrical events 
may be used to locate the electrode. This method of location has been used 
to determine the significance of electrode depth measurements in this prepara- 
tion and to study how the electrode moves through the tissue. 

MacNichol & Svaetichin (1958) found measured depths were systematically 
too low in isolated retinas, The possible sources of this type of error were 
considered and. avoided in present work on the intact cat eye; thus it seems 
_ safe to assume that measurements of electrode depth in this work were greater, 
if anything, than the actual depth. Of course tissues cling to the shaft of a 
micro-electrode, and hence become somewhat distorted. This effect, commonly 
called ‘tissue lag’, was evaluated at. both the retinal surface and Bruch’s 
membrane. At the surface the electrode was advanced to retinal contact, then 
the withdrawal distance to lose contact was measured, then the electrode 
advance required to re-establish contact was measured. Ten measurements 
were thus obtained for each direction of movement, and the procedure at 
Bruch’s membrane was identical. These measurements were corrected for 
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backlash in the electrode advancer. The resulting values for tissue lag varied 
considerably between preparations, probably owing to different electrodes, 
and ranged from about 20 to 80. In a typical case the average surface 
values were 51 w going in and 51 y coming out, while values at Bruch’s 
membrane were 53 and 54 y. The reliability of these measurements is indicated 
by close agreement for the two directions of movement. These measurements 
also illustrate the general rule that tissue lag was almost identical at the retinal 
surface and Bruch’s membrane; thus when the electrode is moving in a given 


direction all retinal layers must be distorted to about the same extent, and 


depth measurements should not be in error due to different amounts of dis- 


- tortion at different levels. It also follows that measurements during penetra- 


tion and withdrawal should agree, as has been observed, and this could not 
be predicted if greater distortion occurred within the retina than at the retinal 
surface. Therefore tissue lag, which Tomita & Torihama (1956) found to 
produce spuriously high depth values in the frog retina, seems to produce no 


significant error in the intact cat eye. Apparently this is because the | 
_ vitreous humour and retina both cling to the electrode with about equal 


force. 


The above account of tissue lag, due to clinging of tissue to the shaft of the - 


electrode, has ignored the separate problem of specific membranes. When a 
membrane is encountered, of course a local distortion of tissue must occur 
until the membrane is penetrated. Such distortions are readily detected and 
presumably transient. Also they can be avoided by using measurements 
during withdrawal. The electrode seems to move very smoothly through the 
tissue during withdrawal, and sometimes also during penetration, as indicated 
by gradual transitions in magnitude of the intraretinal e.r.g. 

The only significant depth error known in this preparation is due to devia- 
tion of the electrode from a perpendicular course through the retina. Since 
minimal electrode depths should be most significant, a series of penetrations 
was made with special precautions for obtaining accurate minimal depth 
measurements for Bruch’s membrane. In these penetrations 165 1 proved to 
be a reliable minimal value. Near the nasal border of the tapetum lucidum, 
where the electrode depth measurements were made, the histologically 
measured depth of Bruch’s membrane was 168-176 p». Since the electrode 
depths were not larger than the histological depth, there was no indication 
that the electrode did not penetrate perpendicularly in these cases. There was 
likewise no indication that a tissue shrinkage allowance was necessary, so 
none is made in Pl. 1, fig. 2. The small discrepancy between the two kinds of 
measurement is probably because histological sections were not quite per- 
pendicular to the retinal surface, as is indicated by failure to obtain sharply 
aligned inner and outer receptor segments. The agreement seems satisfactory, 
considering the problems involved. This finding further supports our 
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identification of Bruch’s membrane and indicates that minimal electrode depth 
measurements can be reasonably accurate. 

The range of depth values for Bruch’s membrane was about 165-250 p, 
however, and absolute depth of any given event in the retina varied greatly 
between penetrations. Thus a perpendicular approach to the retina did not 
assure a perpendicular passage through the retina, and absolute depth values 

were often too great. The percentage of the total depth at which a given event 
occurred was much more constant, and hence more meaningful for electrode 
location. The use of electrical signs appears inherently more accurate, how- 
ever, than any method depending upon depth measurements. 


Conditions of single cell recording | 

It was not uncommon to miss impulse activity entirely on a given penetra- 
tion, but when a single unit was detected it was almost always recorded in 
complete isolation from other units. Since it proved possible to record impulse 
activity from single units of the inner nuclear layer, these results pertain even 
to that densely packed layer of cells. Thus extracellular recordings appear to 
have been made only with the electrode very close to the cell membrane. 
Extracellular impulses were typically positive-negative in shape, and previous 
authors have concluded that such impulses are characteristic of recording 
close to the cell membrane (Li, 1955; Mountcastle et al. 1957). 

Stable recordings were frequently obtained for over an hour with no indica- 
tion of cell damage. Small pulse movements were often noted in the d.c. 
record with no accompanying effect upon either impulse size or frequency. 
In some cases impulse size varied, and in other cases impulse size and frequency 
both followed the pulse movements. When studying impulse patterns, pulse 
movement artifacts were minimized by positioning the electrode only close 


enough to the cell to obtain clear recordings. Small variations of impulse size 


were accepted, but recordings were rejected if impulse frequency varied with 
the pulse beat. 


Organization of receptive fields of single ganglion cells | 

Kuffier (1953) found that receptive fields of ganglion cells in the light- 
adapted state are organized so that either an ‘on’ discharge is produced by 
_ Stimulation of the centre and an ‘off’ discharge by stimulating the periphery 
of the field, or vice versa. He also demonstrated that mutual inhibition occurs 
between central and peripheral zones, and that the response type of the 
central zone dominates the response to large stimuli. He points out that 
the wire electrodes in his work probably recorded selectively from the larger 
ganglion cells, which have diameters as great as about 30 u, and evidence 
for this has been presented by Rushton (1949). This left open the possibility 
that the receptive field organization found by Kuffler was characteristic 
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only of the larger ganglion cells, The smallest ganglion cells are 4-8 » in 
diameter, and the cells of the inner nuclear layer are about the same size. 
Since single unit recordings were obtained in the present study from cells of 
the inner nuclear layer, it appears that micropipette electrodes record from 
ganglion cells of all sizes. 

In the peripheral cat retina the only cell bodies at histological depths of less 
than 40 » are ganglion cells. Recorded depth of a single unit was measured 
as the distance from retinal contact to where impulses were first clearly de- 
tected, and any unit with a recorded depth of 30 1 or less was identified in the 
ganglionic layer. Known errors of depth recording would not produce false — 
identification, and 10 u was allowed for unknown factors. In the area centralis, 
where the inner margin of the inner nuclear layer is at 50 y, the criterion for 
ganglion cells was a recorded depth of 40 y or less. | 

In some cases the activity of a ganglion cell was recorded from its axon 
in the optic fibre layer, rather than from the cell soma. Recordings were 
clearly from optic nerve fibres whenever the receptive field was located some 
distance peripherally on the retina from the electrode (see Kuffler, 1953). In 
these cases the re:ve impulses had a shorter time course, and gave a distinctly 
higher pitched sound from the loudspeaker, than when the receptive field was 
centred around the electrode. The sound of the impulses was so different in 
the two cases that recordings from nerve fibres and cell somata could be 
distinguished by this method whenever the recording site could not be identi- 
fied positively by location of the receptive field relative to the electrode. 

For each single unit the centre of the receptive field was found by Kufiler’s 
method of using a small stimulus spot to locate the most sensitive part of the 
receptive field. Background retinal illuminance was about 0-34 log m.c., and 
stimulus intensities were near threshold. The centre response was tested with 


centred stimulus spot, and the peripheral response was tested by an annulus 


with inside diameter equal to the size of the centred spot. Mutual inhibition 
was then tested by combining the two stimuli into a single large spot. About 
100 ganglion cells were tested, and receptive fields of all cells were functionally 
organized as described by Kuffler. Thus the same general principles of receptive 
field organization seem to hold for ganglion cells of all sizes. Ganglion-cell 
receptive fields exhibit variations in size and detailed organization, however, 
which have been reported by Wiesel & Brown (1958). 


Intracellular recordings from ganglion cells 
Intracellular recordings were occasionally obtained from ganglion cells. 


-Penetrated cells deteriorated quickly and impulse activity usually failed within 


10-15 min. Stable response patterns were established in a few units, and a 
response from one of these is shown in Text-fig. 2. A high-frequency ‘on’ 
discharge was elicited, and throughout the stimulus the discharge frequency 
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was higher than before stimulation. This increased discharge rate was ac- 
companied by a maintained depolarization of the cell membrane. After the 
stimulus'a brief increase of membrane potential was accompanied by inhibition 
of impulses. Intracellular recordings showed a consistent linkage of increased 
discharge frequencies with depolarization and inhibition of impulses with 
increased membrane potentials. The well maintained depolarization in Text- 
fig. 2 is of special interest. Similarly maintained slow potentials have also 
been obtained from spinal motoneurones of the cat during natural activation 
-(Kolmodin & Skoglund, 1958). Our intracellular observations from ganglion 
cells have recently been confirmed in further work by Wiesel (1959). 


0-8 sec 


10-0 mV 


Text-fig. 2. Intracellular recording from ganglion cell of the area centralis. Membrane potential 
= 60-0 mV. Background retinal illuminance = 0-34 log m.c. Retinal illuminance of 
stimulus = 1-85 log m.c. Stimulus was a 3-0mm spot, centred approximately on the 
electrode and repeated at 5 sec intervals; d.c. recording. imine were cut off at the top 
and impulse size was not measured. 


Single cells of the inner nuclear layer 


In the periphery of the cat retina single units of the inner nuclear layer 
were identified by the following four criteria. (1) The ganglion cells constitute 


a single layer of scattered cells (see Pl. 1, fig. 2); thus if two cell somata which 
discharged impulses were recorded in sequence on a given penetration, the 


second cell was almost certainly in the inner nuclear layer. (2) The b-wave of 
the e.r.g. does not invert polarity until the region of the inner nuclear layer 
(Brown & Wiesel, 1958), so a negative b-wave was required at the recording 
site. (3) The histologically measured thickness of the inner nuclear layer is 
about 20 1; thus the distance the electrode traversed after leaving the cell, 
in order to pass the outer margin of the inner nuclear layer, was required to 
be 20 4 or less. Known errors of depth recording make this criterion con- 
servative. (4) Measured depth of the cell beyond retinal contact was required 
to exceed 40 yp. In certain cases a single cell was identified in the inner nuclear 
layer by all four criteria, and in these cases the identification seemed positive. 
Cells of the inner nuclear layer showed impulse activity in complete darkness 
and also discharged impulses in response to light stimuli. No single units were 
identified in this layer which responded to light with slow potentials only, as 


- was found from slightly deeper units. Thus impulse activity is a. _— ee 


not infallible, rule for cells of the inner nuclear layer. 
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Receptive fields were studied by the same methods used for ganglion ‘cells. 
Results from two units are shown in Text-figs. 3 and 4. Both units were 
identified by all four criteria; the negative b-wave does not appear in the 
figures, however, because the illustrated recordings were made with a short 
time constant. The receptive field in Text-fig. 3 had an ‘off-centre’ and 
‘on-periphery’. When central and peripheral zones were stimulated simul- 
taneously, the ‘off’ response was weak and the ‘on’ response was almost 
absent. Thus mutual inhibition occurred between. central and peripheral 


A 
0-75 mm 
C \ 
A+B 
0-8 sec 


Text-fig. 3. Functional organization of receptive field of a cell in the inner nuclear layer. - Cell 
identified in that layer on the basis of all four criteria described in text. , Background retinal 
illuminance = 0-34 log m.c. Retinal illuminance of stimuli = 1-74 log m.c. Stimulus pattern 
producing each response shown at right of figure. In A a small stimulus spot was located 
in the centre of the receptive field. In B the stimulus was an annulus around the spot 
stimulated in A. In A+B the two stimuli were combined by using a single large stimulus 
spot. Stimulus repeated every 10sec; a.c. recording; impulses 8-0 mV peak-to-peak, 
retouched. 


Q 
mm 
0-8 sec 
<-3 mm—> 


Text-fig. 4. Functional organization of receptive field of another cell in the inner nuclear layer; 
this cell also identified in that layer on the basis of all four criteria. Background retinal 
illuminance = 0-34 log. m.c. Retinal illuminance of stimuli ~ 0-74 log m.c. Stimulus pattern 
for each response shown at right of figure, and procedure identical to that for Text-fig. 3. 
Stimulus repeated every 10 sec, a.c. recording, impulses 1-1 mV peak-to-peak, retouched. 
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zones, and the central zone dominated the response to a large stimulus. The 
receptive field of the cell in Text-fig. 4 was functionally organized like that 
of Text-fig 3, except for having an ‘on-centre’ and ‘off-periphery’. Receptive 
fields of all cells identified in the inner nuclear layer have been organized as 
shown in Text-figs. 3 and 4. Thus receptive fields of these cells seem to be 
functionally organized like those of ganglion cells. : 


Inhibitory responses 

Previous studies of ganglion cell discharges have shown that ‘on’ die: 
charges are frequently followed by post-stimulus inhibition, whereas ‘off’ 
discharges are often preceded by inhibition during the stimulus (Granit, 1950; 
Kuffler, 1953). Under special conditions peaponnes in this study revealed only 
inhibition, with no discharge at either ‘on’ or ‘off’. Such responses are illus- 
trated in Text-figs. 5 (top and bottom records) and 6, and they will be called 
pure inhibitory responses. This term does not imply that the light stimulus 
produces only inhibitory effects upon the cell, since excitatory effects may be 
present but masked. The term does designate a response in which inhibition 
is the only observed result of light stimulation. 


This type of response was found from certain cells of both the ganglionic — 


and inner nuclear layers. Under light-adapted conditions it was obtained only 
with a small stimulus spot, not exceeding 0-25 mm in diameter, accurately 
located in the centre of the receptive field. These responses were also obtained 
only at high and low stimulus intensities, whereas intermediate intensities 
evoked ‘off’ discharges. This is illustrated in Text-fig. 5. Peripheral portions 
of these receptive fields gave ‘on’ discharges. Thus these units may be classified 
as ‘off-centre’ units which yield pure inhibitory responses at certain stimulus 
intensities. In ‘off-centre’ units which gave ‘off’ responses at all intensities 
above threshold, it was a general rule that the strength of the ‘off’ discharge 
was maximal at intermediate intensities. Hartline (1940) found a similar 
relation between strength of ‘off’ discharge and stimulus intensity in the frog. 
Thus the general rule seems to be well illustrated by units which yield pure 
inhibitory responses, since the ‘off’ discharge is completely absent at high 
and low stimulus intensities. 

The inhibitory effects of light stimuli were graded with stimulus intensity, as 
is shown in ‘fext-fig. 5. With increasing intensity the latency for inhibition of 
impulses decreased. The duration of complete inhibition of impulses during 
the stimulus increased, as did the duration of complete inhibition following 
the stimulus. The number and frequency of impulses during the stimulus 
both decreased. Thus by all five of these criteria the inhibitory effects in- 
creased in a graded manner with stimulus intensity. Inhibitory effects were 
also controlled by several other factors. The inhibitory effect of a given stimulus 
was increased by either reducing the intensity of — illumination or 
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by dark-adapting the eye. If a small stimulus was moved away from the centre 
of the receptive field, inhibitory effects gradually disappeared and were 
finally replaced by an ‘on’ discharge, characteristic of the peripheral portion 
of the receptive field. When the size of a centred stimulus spot was gradually 
increased, there was first an increased inhibitory effect and later a decrease. 


185 


0-8 sec 


Text-fig. 5. Effect of stimulus intensity upon the response of a ganglion cell in the area centralis 
which was capable of yielding a pure inhibitory response. Background retinal illuminance = 
2-34 log m.c., and retinal illuminance of each stimulus given in log m.c. at left of figure. 
Responses recorded in sequence from top to bottom. Stimulus was 0-25 mm in diameter, 
in the centre of the receptive field, and repeated every 10 sec; a.c. recording, impulses 
1-7 mV peak-to-peak, retouched. | 


08 sec 


Text-fig. 6. Inhibition at both ‘on’ and ‘off’, with no sign of excitation, recorded from a ganglion 
cell on the border of the area centralis; no background illumination. Retinal illuminance 


of stimulus = 1-85 log m.c. Stimulus was 2-0 mm in diameter, in the centre of the receptive 
field, and repeated every 5 sec; d.c. recording, impulses 1-2 mV peak-to-peak, retouched. 


Thus inhibitory effects seemed to sum over the central portion of the receptive 


field, but with large stimuli competitive effects from the peripheral zone 
appeared. 

The possibility that with a repetitive light stimulus the increased stimulus 
intensity produced its effect by altering state of adaptation, instead of by 


‘Stimulus intensity per se, was checked by using single-stimulus flashes. Both 


> 
\ 
‘ 4 728 
‘ 
if 
0-49 
a 
1-48 
| 
18 


552 K.T. BROWN AND T.N. WIESEL 


methods produced comparable resul 
seemed to be effective in preventing the st 
adaptive effects. When observing the effects o 
spot size, the effects of stray light were 
illumination. 

When impulse activity was not absent throughout the stimulus, the form 
of the inhibitory response during the stimulus was as illustrated in Text-figs. 5 
(fourth and fifth records from the top) and 6. Shortly after onset of the stimulus 
impulses were suddenly and completely abolished; then impulses began again 
and became stabilized rather quickly at a lower frequency than that of the 
pre-stimulus maintained discharge. Thus inhibitory effects decreased during 
a steady stimulus, indicating an adaptation of inhibition. This form of response 
has also been observed in Limulus during lateral inhibition (Hartline, Wagner 
& Ratliff, 1956). 

A renewal of strong inhibition was often noted immediately after the — 
stimulus, as shown in Text-fig. 6. Thus inhibition sometimes occurs at both 
‘on’ and ‘off’, and this type of response may be regarded as the inhibitory 
analogue of the ‘on-off’ discharge. The discharge pattern in Text-fig. 6 is 
similar to that found by Jung, Creutzfeldt & Griisser (1957) from certain cells 
of the cat’s optic cortex. Such cells were designated Type C neurones, which 
were not considered to have retinal counterparts; but it appears that the 
discharge pattern of Type C neurones can also be found from certain retinal 
cells. When this type of response was seen in extreme form, impulses were 
completely inhibited throughout the stimulus and for as long as 7 sec after 
the stimulus was turned off. Thus inhibitory effects in the retina can be quite 
long-lasting. | 


imulus location and stimulus 


minimized by background 


Single units responding only with slow potentials 

No impulse activity was detected deeper than the inner nuclear layer. 
When the electrode was located just beyond the inner nuclear layer, in a zone 
about 30 » thick, single units were sometimes found which responded to light 
only with graded slow potentials. These units were rarely obtained and 
difficult to maintain, by comparison with single cells which discharged im- 
pulses. Both intra- and extracellular recordings appear to have been obtained. 
‘Certain units showed a resting potential of 50-60 mV, upon which was super- 
imposed a negative response to light of 25-40 mV. and such recordings were 
considered intracellular. The resting potential in these cases always appeared 
suddenly and was usually lost immediately or declined rapidly, presumably 
owing to injury. A few recordings, however, showed stable resting potentials 
and responses for up to 30 min. Typical intracellular responses to light stimuli 
are shown in Text-fig. 7. An initial rapid negative potential declined quickly 
to a lower level, which was well maintained during the remainder of the 
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Text-fig. 7. Effect of stimulus intensity on a unit which responded to light only with slow 
potentials. Unit slightly deeper than the inner nuclear layer, at a measured electrode depth 
of 135 uw in the area centralis. Background retinal illuminance = 0-34 log m.c. Retinal 
illuminance of each stimulus given in log m.c. at left of figure. Stimulus spot was 3-0 mm 
in diameter, centred on the electrode and repeated every 10sec. Responses recorded in 
sequence from top to bottom; intracellular d.c. recording; membrane potential remained 
stable at 50 mV for about 30 min. 


1°14 sec 


10-0 mV 


msec 


10-0 msec 
100-0 msec 
Text-fig. 8. Effect of stimulus duration on same unit as in Text-fig. 7. Background retinal 
illuminance = 0-34 log m.c. Stimulus was 3-0 mm spot, with a retinal illuminance of 
1-85 log m.c., centred on the electrode and repeated every 10 sec; intracellular d.c, 
recording. 


05 sec : 40-0 msec 


[200 mV 


Text-fig. 9. Effect of stimulus duration upon responses from another unit which responded to 
- light stimuli only with slow potentials. Unit was in nasal periphery and was found during 
electr de withdrawal at 90 pt from Bruch’s membrane, just before the electrode seemed to 
enter the inner nuclear layer. No background illumination. Stimulus was a spot 3-0 mm in 
diameter, centred on the electrode and repeated at 5 sec intervals. Retinal illuminance of 
stimulus = 1-85 log m.c. Intracellular d.c. recording. Membrane potential was stable at 
60-0 mV during recording, but this unit was lost after a few minutes. 
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stimulus. This relatively steady potential declined only slightly during stimuli 
lasting up to several minutes, indicating very slow adaptation during this part 
of the response. When the stimulus was turned off a brief positive potential 
occured. Text-fig. 7 also shows that the response magnitude was graded 
with stimulus intensity, while the general response form remained constant. 

Text-figure 8 shows the effect of duration of stimulus on the same unit. As 
the duration of the stimulus was shortened, the duration of the relatively 
steady potential was first shortened and then the magnitude of the initial rapid 
response was decreased. Text-figure 9 shows the effect of duration of stimulus 
in another intracellular recording. The response to a 0-5 sec stimulus was 
similar to responses of the first unit to long stimuli, except that no positive 
potential followed the stimulus. With a 40 msec stimulus the response of this 
unit broke into distinct fast and slow components, and the slow component 
outlasted the stimulus by about 1-5 sec. Such a long response to a brief 
stimulus is surprising, especially since the total response was about three 
times longer than produced by a 0-5 sec stimulus. This phenomenon was not 
an isolated observation, since it was also seen in other units with extracellular 
leads. It should be noted that the unit in Text-fig. 8 was light-adapted with 
the background beam, whereas the unit in Text-fig. 9 had no background 
illumination. Thus the difference in response patterns may be due to a 
difference in state of adaptation, rather than a difference between units. 
Analysis of responses from these units proved difficult because the responses 
- were highly localized and stable recordings were seldom obtained. Responses 
tended to be lost whenever the background illumination was turned on or off, 
suggesting some type of photomechanical movement. 

About thirty to forty units gave responses similar in form and polarity to 
those illustrated, but these units showed no membrane potential. Also in 
these cases the initial rapid potential in response to light was only 5-15 mV 
in magnitude, compared to 25-40 mV when a membrane potential was recorded. 
Thus these appeared to be extracellular responses from the same units that 
yielded intracellular recordings. In the absence of impulse discharges, of 
course, the usual criteria for single unit extracellular recording could not be 
applied. These responses were easily distinguished from slow potentials of the 
intraretinal e.r.g., however, since the single unit responses were sharply 
localized and much larger in magnitude. 

It is puzzling that responses were the same form and polarity with apparently 
intra- and extracellular leads. Tomita { (1957) also found in fish retinas that 
responses with or without what appeared to be resting potentials were similar 
in form and polarity, although markedly different in magnitude (see especially 
Tomita’s Fig. 2b, ¢ and Fig. 4a, b, c). Other investigators, however, have 
recorded a reversal of response polarity when these units were penetrated in 


fish (Motokawa et al. 1957; MacNichol & Svaetichin, 1958), pateeoetalar 
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responses to white light have been found negative by all investigators in both 
fish and cat; thus the difference in results appears to be in the extracellular 
polarity. 
DISCUSSION 

Identification of the ‘R membrane’ 
Brindley (1956, 1958) describes a membrane in frog and rat retinas which has 
a high radial resistance relative to the resistance of the rest of the retina and 
choroid. He calls this the ‘R membrane’, to designate a membrane of high 
electrical resistance without identifying it with a specific structure. He. 
detected the ‘R membrane’ by passing current pulses between a micropipette 
electrode in the retina and an electrode on the back of the eye and measuring 
resistance between the electrodes. The micropipette entered the retina from 
the optic fibre side, and when it penetrated beyond a certain point there 
was a sudden decrease of resistance. At the same time the e.r.g. decreased 
greatly in magnitude and a negative d.c. shift of 10-30 mV was recorded. 
Brindley provisionally identified the ‘R painted with the external limiting 
membrane. | 

In this study most of the e.r.g. likewise appeared a across a single membrane, 


_ which supported a d.c. potential of 30-50 mV with the choroidal side negative; 
thus an ‘R membrane’ is also found in the cat. This ‘R membrane’ was 


identified with Bruch’s membrane for the following reasons. (1) Light micro- 
graphs of monkey retinas by Wislocki & Sidman (1954) show Bruch’s mem- 
brane as a continuous line, while the external limiting membrane looks clearly 
discontinuous, appearing to consist only of dense rings of material around the 
bases of rods and cones. These findings are supported and amplified by electron 
microscopy. Sjéstrand (1953) finds that the rings of material around the 
bases of guinea-pig rods are not interconnected and sometimes exhibit a 
fibrous or lamellated structure. E. de Robertis (personal communication) 
states that ‘the external limiting membrane is made of fine interlacing 
expansions of the Miiller cells’ and does not consider that it would impede 


the advance of a micropipette electrode. On the other hand, Bernstein & 
_ Pease (1959) show no clear discontinuities of Bruch’s membrane in electron 


micrographs from cat retinas, and L. K. Garron and M. L. Feeney (personal 
communication) report similar results from human material. Thus it seems 


-teasonable that Bruch’s membrane, but not the external limiting membrane, 
could have a high electrical resistance. (2) Electrical signs were found in this — 


work which permitted provisional identification of the external limiting 
membrane, and clear identification of Bruch’s membrane. The external 


limiting membrane was detected only on rare occasions, as one would predict — 


from its structure, and it showed no sign of electrical resistance. The “R 


membrane’ appeared on every penetration, at a deeper level than the external 
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limiting membrane, and appeared to be identical with Bruch’s membrane. 
(3) Whenever an electrical transient was noted at the external limiting 
membrane, pulse recording was clearly reduced immediately afterward. The 
inner and outer receptor segments are highly oriented, and the axis of orienta- 
tion coincides approximately with the axis of the electrode. Small pulse 
movements of this part of the retina probably occur, but the failure to detect 
them is readily understood since the electrode would have nothing to press 
against. A strong pulse reappeared upon approaching the ‘R membrane’ and 
remained after the membrane was penetrated. These results of pulse recording 
seem predictable only if the ‘R membrane’ is identified with Bruch’s membrane. 
(4) After penetrating the ‘R membrane’, no other membranes were detected 
during deeper penetration. If one identified the ‘R membrane’ with the exter- 
nal limiting membrane, the failure to detect Bruch’s membrane at a deeper 
level would be difficult to explain. 

Brindley’s provisional identification of the ‘R membrane’ was based on 
two kinds of evidence. (1) When electrical resistance was measured between 
the front of the retina and the back of the sclera, a large part of the resistance 
disappeared when the retina was stripped off (Brindley, 1956). This was 


assumed to be due to removal of the external limiting membrane, but of — 


course Bruch’s membrane may have been damaged. The latter assumption 
seems supported by the more recent finding that Brindley (1958) could not 
detect an ‘R membrane’ in frog retinas which had been stripped from the 
underlying layers. He maintained identification of the ‘R membrane’ with the 
external limiting membrane, but his resolution of the contradictory results 
was based upon unsupported assumptions concerning histology of the external 


limiting membrane. (2) The ‘R membrane’ was found at an electrode depth © 


corresponding approximately to corrected histologically measured depth of 
the external limiting membrane (Brindley, 1956). It was observed that 
electrode depth measurements of retinal thickness were 33% greater than 
uncorrected histological measurements, and on this basis a 33% shrinkage 
- correction was applied to all histological measurements. Since the observed 
discrepancy is readily explained by electrode bending, the shrinkage allowance 
which was applied is arbitrary. A shrinkage allowance of about 10% would 
have favoured identifying the ‘R membrane’ with Bruch’s membrane. Thus 
Brindley’s evidence seems compatible with ours, although his interpretation is 
not. Species differences may be involved, but that seems unlikely in this case. 


Identification of the “R membrane’ is of special interest since it is a significant 


structure in recording the intraretinal e.r.g. 


Impulse activity in the inner nuclear layer | 
Since impulse activity of the inner nuclear layer has been difficult to 
demonstrate in retinas of cold-blooded animals, there has been speculation 
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that ganglion cells are excited only by graded slow potentials from the bipolar 
_ eells. In this study many units were identified in the inner nuclear layer, and 
all such units discharged impulses. Thus evidence of this study would support 
the view that bipolar cells discharge impulses. The methods of electrode 
location, however, did not permit identification of the types of cells within 
the inner nuclear layer from which impulses were recorded. Thus there is a 
possibility that all impulses from the inner nuclear layer were from horizontal 
and/or amacrine cells. Definite proof of impulse activity from bipolar cells 
can probably be obtained only by single-unit marking methods. 

It is particularly interesting that receptive fields of cells in the inner nuclear 
layer were functionally organized like those of ganglion cells. Cells at both 
levels seem to be similarly controlled by a combination of excitatory and 
inhibitory influences. 

Spontaneous impulse activity, defined as activity in the absence of light 
stimulation, has been well demonstrated in ganglion cells of the mammalian 
retina (Kuffler, 1953; Granit, 1955, p. 84). Impulse activity in complete 
darkness seems not to be unique to ganglion cells, since it was also noted in 
this study from cells of the inner nuclear layer. Thus spontaneous activity of 
ganglion cells is probably due, at least partly, to spontaneous firing at a more 
distal level. On the basis of present evidence spontaneous activity may even 
originate in the receptors themselves. Although it seems unlikely, the possi- 
bility cannot yet be excluded that spontaneous activity of single cells in the 
inner nuclear layer was an artifact due to electrode pressure. This type of 
artifact is readily excluded in the case of ganglion cells by recording from their 
axons (Kuffler, 1953), but no well identified recordings have yet been made 
from axons of cells in the inner nuclear layer. 


Response patterns of single units which discharge impulses 
An examination of single unit responses reveals that inhibitory and excita- 
tory effects of light stimuli have many common characteristics, as follows: 
(1) adaptation to the stimulus; (2) incteased effects with stimulus intensity ; 
(3) area summation within certain limits; (4) increased effects by reducing 
background illumination or by dark-adapting the eye; (5) analogous effects 


| when the stimulus is moved away from the centre of the receptive field, 


regardless of whether a centred stimulus produces excitation or inhibition. — 
Also (6) excitatory responses are usually classified as ‘on’, ‘on-off’, and 
‘off’, depending upon when the discharge occurs in relation to the stimulus; 
inhibitory responses also fall into these three categories, and pure inhibitory 
responses of the first two types have been observed. 

Although ganglion cell responses have been classified primarily in terms of 
excitatory effects, this emphasis may be questioned. Since cells of the 

ganglionic and inner nuclear layers exhibit maintained discharges, the rate of 
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firing may be increased or decreased by excitatory or inhibitory influences. 
Changes of discharge rate in both directions probably contribute to the 
information transmitted. Thus the question arises of how responses should be 
classified. The response pattern of a single cell can be varied so greatly by 
manipulating stimulus intensity, size, and location that a complete classification 
of responses would become very complex. Perhaps it is more important at 
this time to learn the mechanisms which make such great variability possible, 
and the factors which determine the response in a given case. 

Although the mechanism is not known whereby ‘off’ discharges are generated, 
one hypothesis is that they are due to a release from inhibition (Granit, 1955, 
p. 72). Certain observations of this study bear upon that hypothesis. The 
pure inhibitory response shows that release from inhibition does not necessarily 
produce an ‘off’ discharge. Of course the possibility remains that when ‘off’ 
discharges occur they are due, at least in certain cases, to release from in- 
hibition. In Text-fig. 5 ‘off’ discharges were produced only by intermediate 
stimulus intensities which produced intermediate amounts of inhibition during 
the stimulus. If these ‘off’ discharges were due to a release from inhibition, 
the results suggest that there is an optimal amount of inhibition during the 
stimulus for production of a maximal ‘off’ discharge, with no such discharge 
occurring at the extremes when the inhibition is too weak or too strong. It 
seems very likely, however, that at least some ‘off’ responses are not due to 
release from inhibition. Since cells of the inner nuclear layer give ‘off’ dis- 
charges, such discharges over excitatory pathways would produce ‘off’ re- 
sponses in ganglion cells. Further information on this problem may be ex- 
pected from intracellular recording. 


Umis responding to light only with slow potentials — 
Intracellular recordings from single units which respond to light only with 


slow potentials have been described previously in fish and cat retinas (Svaeti- 
chin, 1953, 1956; Griisser, 1957; Motokawa et al. 1957; Tomita, 1957; Tomita, 


Tosaka, Watanabe & Sato, 1958; MacNichol & Svaetichin, 1958; Oikawa, 


Ogawa & Motokawa, 1959). In this study the intracellular response to white 
light was always an increase of membrane potential, and the response was 
graded with stimulus intensity. These findings, as well as the general form of 
the response and the absence of impulse activity, agree with previous results 
from fish and cat retinas. By comparison with fish, intracellular recordings 
from these units in the cat were rarely obtained and more difficult to keep 
stable; thus the units which produce these responses are probably smaller in 
the cat. The polarity of the response from certain cells in fish has been shown 
to vary with stimulus wave-length (Svaetichin, 1956; Motokawa et al. 1957; 
MacNichol & Svaetichin, 1958): Similar work has not yet been done in the 
cat because of difficulty in obtaining stable intracellular recordings. Responses 
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like those of Text-fig. 9, which break with short stimuli into distinct fast and 
slow components, have not been reported in fish, but certain responses 
recorded by Svaetichin (1953) appear somewhat a (see especially 
his Fig. 

- In fish retinas the units giving only slow Soventials were first identified with 
the myoid portion of the cone inner segment, and responses from these units 
were called ‘cone action potentials’ (Svaetichin, 1953). MacNichol & Svaeti- 
chin (1958) showed later by electrophoretic staining that these units are 
located at two different retinal levels. One type of unit responded with an 
increased membrane potential to light of all wave-lengths, and this was called 
the ‘luminosity response’. Such responses were tentatively identified with the 
very large horizontal cells of the fish retina. Other units yielded responses 
which changed polarity with stimulus wave-length; these units were located 
slightly more proximally and were tentatively attributed to. bipolar cell 
somata. Oikawa et al. (1959) also conclude from electrophoretic staining in — 
fish that the single units which are readily recorded by relatively large micro- 
pipettes are probably the large horizontal cells. 

In the cat retina Motokawa e al. (1957) and Griisser (1957) have recorded 
from units which yield only slow potentials. These responses have been called 
‘receptor potentials’, referring to Svaetichin’s early work on fish. Physio- 
logical methods of location in this study show that these responses are obtained 
slightly beyond the outer margin of the inner nuclear layer, in the region of | 
the external plexiform layer. This location agrees closely with that of the © 
‘luminosity responses’ in fish retinas by electrophoretic staining. The present 
authors first considered somata of receptor cells the most likely sources of 
these potentials. In the peripheral cat retina, however, the outer nuclear 
layer is 60 » thick; this layer is about 15 » from the inner nuclear layer and 
35 1 from Bruch’s membrane. If the single units yielding only slow potentials 
were receptor cell somata, they should be found at all levels of the outer — 
nuclear layer. Actually no units have been found far enough beyond the 
inner nuclear layer, or close enough to Bruch’s membrane, to be in the outer 
portion of the outer nuclear layer. Thus these potentials are probably not 
recorded from the somata of receptor cells, but there are at least two other 
possibilities: (1) receptor terminals, namely, rod spherules and/or cone pedicles; 
(2) horizontal cells. Physiological methods of electrode location cannot 
distinguish between these possibilities, and single-unit-marking methods seem 
required. 


SUMMARY 


i. Techniques are described for intraretinal recording with micropipette 
electrodes in the intact cat eye. Physiological criteria are. used for locating 
the electrode tip within the retina. Major landmarks which can be identified 
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on each penetration include the retinal surface, outer margin of the inner Y 
nuclear layer, and Bruch’s membrane. Other structures identified on certain 
penetrations include the external limiting membrane and cell somata within 
the ganglionic and inner nuclear layers. 

2. A membrane of high electrical resistance, similar to Brindley’s ‘R mem- 
brane’ in the frog, is described in the cat and identified with Bruch’s membrane. 

3. Receptive fields of all ganglion cells studied in the light-adapted state 
had either an ‘on-centre’ and ‘off-periphery’, or vice versa, and mutual 
inhibition occurred between the central and peripheral zones. This finding 
with micropipette electrodes makes it likely that the receptive field organization 
described by Kuffler applies to ganglion cells of all sizes. 

4. Intracellular recordings from ganglion cells showed increased discharge 
frequencies accompanied by depolarization of the cell membrane, whereas 
inhibition of impulses was linked with an increased membrane potential. 
Maintained depolarizations were noted during stimuli as long as 0-8 sec. 

5. Single cells were identified within the inner nuclear layer and all these 
discharged impulses. Receptive fields of these cells in the light-adapted state 
were functionally organized like those of ganglion cells. Impulse activity was 
also recorded in the absence of light stimulation. 

6. Some responses to light showed inhibition of the maintained discharge, 
with no burst of impulses at either ‘on’ or ‘off’, and hence are called pure 
inhibitory responses. Such responses were obtained under specified stimulus 
conditions from certain ‘off-centre’ units of both the ganglionic and inner 
nuclear layers. Inhibitory effects increased with stimulus intensity, showed 
area summation, and also responded to several other stimulus variables in a 
similar manner as excitatory effects. Adaptation of inhibition was observed, 
and inhibition sometimes outlasted the stimulus as long as 7 sec. 

7. No impulse activity was found deeper than the inner nuclear layer. Ina _ 
narrow zone of about 30 4, which seemed to be just beyond the inner nuclear 
layer, single units were occasionally found which responded to light stimuli 
only with slow potentials. With intracellular leads the response to white light 
was always an increase of membrane potential. These potentials were well 
maintained during the stimulus and graded with stimulus intensity. In certain 
cases the response to short stimuli showed distinct fast and slow components, | 
with the slow component outlasting the stimulus by 1-5 sec. 


This work was supported by a research grant from the National Institutes of Health, United . 
States Public Health Service. Part of the work was also done during the tenure by K. T, Brown 
of a Special Research Fellowship, National Institute of N eurological Diseases and Blindness, 
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__ EXPLANATION OF PLATE 


Fig. 1. Device for holding the eye, introducing a micropipette electrode into the eye, and con- 
trolling the electrode position; see text. 

Fig. 2. Photomicrograph of peripheral retina of a normal adult cat. From a histological section 
prepared and kindly lent by K. L. Chow, Department of Physiology, The University of 
Chicago. Eye was fixed in Susa’s fluid and doubly embedded in celloidin and paraffin. 

_ Sections were 10 » thick, approximately perpéndicular to the retinal surface, and stained 
with haematoxylin and eosin. Part of retina illustrated is the nasal periphery about 1 cm 
centrally from the border of the tapetum lucidum. Approximate thickness of each retinal 
layer given in micra at left; total thickness of retina was 168 »; no shrinkage allowance made, 
for reasons given in text. On right are shown symbolically the approximate relative ampli- 
tudes of pulse recording during a retinal penetration; pulse recordings shown only at retinal 

__ levels where reliable changes in pulse amplitudes occurred. ‘At extreme right other wens 
electrical events are indicated at retinal levels where they were located. 
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CALCIUM IONS AND THE PERMEABILITY 
OF HUMAN ERYTHROCYTES 
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(Received 27 July 1959) 


_ The erythrocytes of the snapping turtle, of the African tortoise and of certain 
fish are haemolysed in calcium-free electrolyte solutions (Maizels, 1956). 
Human erythrocytes, on the other hand, show little increase in permeability 
when suspended in electrolyte solutions, though marked increase in perme- 
ability occurs when the cells are placed in such non-electrolyte media as 
solutions of glucose, sucrose, lactose, etc. (Davson, 1934; Maizels, 1935: for 
earlier references, see Jacobs & Parpart, 1933). It has been shown that quite 
small amounts of Na+ or K+ added to the external non-electrolyte medium 
greatly decrease the rate of loss (Maizels, 1935), and Wilbrandt (1940) has 
shown that the salts of Ca, Mg, Sr, and Ba act more powerfully than NaCl or 
KCl. In a previous note (Maizels, 1959) Wilbrandt’s observations were con- 
_ firmed, but it was nevertheless shown that the action of Ca?+ in maintaining 
low permeability of the human erythrocyte is, as in the case of tortoise 
erythrocytes, quite specific, and that the action of other cations may be 
interpreted in terms of a calcium effect. 

In the present paper these observations have been extended, and advantage 
has been taken of the fact that increase of cell permeability in lactose media 
may be modified by adding suitable amounts of Ca(Cl,, to study cation transfer 
under varying conditions of cell permeability. 

The procedure used is described in detail below. It usually (but not always) 
involves three stages. which are summarized here, because otherwise the text 
may be confusing. In Stage 1 cells are depleted of natural cation by incubation 
_ In a non-electrolyte (lactose) solution, which increases cell permeability seven- 
to twentyfold. In Stage 2 lost cation is replaced by incubation in an electrolyte 
medium containing NaCl, KCl, LiCl or a combination of these. Even after 
_ transference to the electrolyte medium permeability remains high, and it 
_ Would be possible to measure rates of penetration during this stage, were it 


> 
/ 
ix 
Printed in an 4 
os 
“ 


564 VALERIE BOLINGBROKE AND M. MAIZELS 


not for the fact that calculations are vitiated by the large changes in volume 
which occur, which may amount to about 20% (e.g. an increase from 70 to 
88% of the normal cell volume). Hence it is necessary to proceed to the 
next stage, Stage 3: here cells from Stage 2 are incubated in a second and 
different electrolyte solution, the cations of cell and medium exchanging with 
little change in cell volume. Suitable solutions are KCl+ LiCl for Stage 2 
and NaCl for Stage 3. 


METHODS 


These varied in detail, but most experiments involved three stages: 

Stage 1 or cation depletion stage. Here blood was centrifuged for 10 min at 2000 g, the ery- 
throcytes were resuspended in 50 volumes of lactose solution (6%, w/v) and rocked for 3 hr at 
37° C. Lactose was used instead of sucrose because its reducing action makes it possible to use it 
as a ‘marker’ should it be necessary to measure the amount of intercellular medium in the 
packed cells. The solution was hypotonic in order to limit as far as possible the shrinkage which 
occurs from loss of cation and water: even so, after incubation for 3 hr at 37° C cell volume was 
only 70% of normal. 

Stage 2 or replacement stage. The lactose suspension was centrifuged and the cells resyspended 
in 20 volumes of a medium containing 140 mm NaCl, KCl or LiCl or any two of these; usually 
70 mm-KCl+70 mm-LiCl. This suspension was kept at 37° C for 14 hr and then during the night 
at 4° C; the cool stage was perhaps not essential, but it enabled the experiment to be continued 
early next day. 

Stage 3 or cation exchange stage. The suspension from Stage 2 was centrifuged, and the cells 
resuspended in 20 volumes of a new electrolyte medium containing 140-150 mm of a salt and also 
dialysed human albumin (to 2%, w/v) to provide buffering and keep the pH at about 7-2; when 
KCl + LiCl was used in Stage 2, the salt used in Stage 3 was NaCl. At suitable intervals portions 
of this suspension were centrifuged in special tubes drawn out to sealed, graduated and calibrated 
capillaries. After 30 min at 2000 g, the volume of the cells was read, the tubes were washed down 
_ to the upper face of the red cell column, and the cells haemolysed in 49 volumes of water. The 
haemoglobin, Na, K and Li contents of the haemolysate were measured, changes in cell volume 
being determined from the haemoglobin content of the haemolysate compared with that of a 
fiftyfold dilution of centrifuged fresh untreated cells. Haemoglobin was estimated electrophoto- 
metrically, and Na, K and Li with a flame photometer. Water was either estimated directly, or 
calculated on the assumption that fresh normal cells contain 69% (w/v) water. 

The pH of the erythrocytes was measured with a glass electrode at 20° C. The cells were mixed 
with an equal quantity of water, haemolysis being completed by adding two drops of saponin at 
pH 7-2. A ‘knife-point’ of saponin in 0-5 ml. water was used; the solution is practically un- 
buffered and was adjusted to the correct pH by adding NaOH on a glass rod. The pH values of 
= prepared in this way were the same as those obtained on cells haemolysed by freezing and 

wing. 

The s.z. for estimating Na, K and Li in cells, as judged from duplicate estimations (30 con- 
secutive duplicates for each group), was as follows: low Na contents (12-20 m-equiv/l. cells) + 
019 m-equiv, high Na contents (30-50 m-equiv/l. cells) +0-23 m-equiv; low K contents (25- 
30 m-equiv/l. cells)+0-20 m-equiv, high K contents (35-45 m-equiv/l. cells) +0-22 m-equiv; 
low Li contents (20-25 m-equiv/l. cells) +0-15 m-equiv, high Li contents (35-45 m-equiv/I. cells) + 
pa a ath Further details of methods have been given already (Maizels & Remington, 

59a, 6). 
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RESULTS 


Before proceeding to discuss the effects of calcium ions on erythrocytes 
treated with lactose, it is necessary to consider the effects of incubation in 
calcium-free lactose solution, and also the effects of subsequent incubation in 
calcium-free electrolyte media. 


Effects of incubating human erythrocytes in lactose solutions 

It is known that if erythrocytes are placed in an electrolyte-free medium 
such as glucose solution there is a loss of cation and inorganic anion. At first, 
owing to the far greater mobility of the anions (Cl-), excess of anion is lost 
in combination with hydrogen ions, the external medium becoming more 
acid (pH less than 6), while the cell becomes more alkaline. Later, however, 
most of the cell cation and inorganic anion is lost: these changes have been 
discussed by Maizels (1935) and some of them are illustrated for cells in 
lactose media in Table 1. 


TasxE 1. Effects of incubating human erythrocytes in lactose solution (10%, w/v) 
with and without added salts. Temp. = 37°C 


Ca 

tion content P space in 
of cells pH haemo- centri- 
(m-equiv/l.) lactose lysed fuged 


Expt. | Salt Concn. Time medium cells _ cells 
no. Medium added (mm) (hr) V Na K = at 20°C at 20°C (v/v) 
la Plasma None 


© 


1b} r 0 0 O87 88 10 54 752 — 
le 0 1 069 43 216 737 682 126 
id | 0 3 068 28 41 730 680 202 
le NaCl 5 0 096 87 10 £4639 #736 — 
lg Lactose: NaCl 5 3. 068 36 166 733 687 =— 
lh | Nal 20 O 100 10 680 723 — 
li NaCl 20 1 O97 84 10 677 72% — 
1j NaCl 2 3 73 672 17:23 — 
1k 20 O9F 562 98 — 
| 20 3 093 41 88 


In this and subsequent Tables, V = the ratio of the volume of treated cells to that of the 
original fresh cells, Intercellular Na has been deducted from the Na value of cells in plasma 
(No. la). 


‘In the present series of i ialenents 1 volume of cells was incubated in 
50 volumes of lactose solution (10%, w/v) at 37°C and observations were 
made at ‘0’, 1 and 3 hr (Table 1). It will be seen that by the time the cells 
have been separated from the suspension as quickly as possible, the external 
medium has already become very acid (pH 5-49), while the pH of the cells is 
_ greater than the cell pH of the other suspensions which contain added NaCl 
and is also greater than the pH of normal cells. It is doubtless this increase in 
cell pH which is the cause of the high base content and concentration of the 
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- cells at ‘0’ min: the latter is 183 m-equiv Na+K/l, cell water compared with 


158 m-equiv/l. water in cells suspended in lactose medium containing 20 m- 
equiv Na/l., and a concentration of about 166 m-equiv for normal fresh cells. 
Nevertheless, in spite of the raised concentration of Na+K, there is a net 
loss of base per cell even at ‘0’ min. Na+K per cell is proportional to cell 
volume x observed Na+K/l. cells, which with cells in simple lactose solution 
equals 0-87 x 117-8 or 102 m-equiv, whereas with cells in lactose medium 
containing 20 mm-NaCl the figure is 0-95 112-7 or 107 m-equiv, and for 
normal fresh cells about 114 m-equiv. The decrease in cell volume observed 
at ‘0’ min is thus due to an absolute decrease in base per cell, and also to the 
rise in cell pH. 

During the next 3 hr in lactose medium the pH changes observed at ‘0’ min 
tend to be reversed: base is progressively lost. from the cells, leading to a rise 
in external pH and a fall in cell pH. In spite of the latter, loss of cell base is 


so marked as to lead to considerable cell shrinkage (Table 1, nos. 1a and d.). 


If 0-15 m-NaCl is added to the lactose medium, to bring the NaCl content 


— t05 mM, the changes are similar to those occurring in electrolyte-free media, 


but are on the whole slower and less well marked. With 20 mm-Na(Cl in the 
lactose medium, changes in cell volume, pH and cation content are slight even 
after 3 hr; K+, Lit and NH,*+ may all replace Na+. Protection of normal cell 
composition by Lit and NH," is illustrated in Table 1. 
_ Two other phenomena which accompany suspension of erythrocytes in 
lactose medium are of interest: the formation of a grossly hypertonic effluent, 
and the apparent discrepancy between the osmolarity of the cells and lactose 
medium after 3 hr incubation. ; 
The effluent from erythrocytes during incubation in lactose solution. Table 1 
shows that the absolute loss of Na+ K from 1 1. cells in 3 hr at 37° C is (0°87 x 


117-8) — (0-68 x 16-9) or 91 m-equiv, while the loss of water is 190 ml.; hence _ 
_ the concentration of Na+K in the effluent from the cells is 480 m-equiv/]. 


water. The mean of seven experiments was 85 m-equiv Na+ K/195 ml. effluent 
or 436 m-equiv/l. water. Thus the effluent is grossly hypertonic. This observation 
is discussed later. 

Osmotic balance between erythrocytes and the lactose medium. 10%, lactose 
(w/v) corresponds to about 290 m-osmoles, while the Na + K content in Expt. 
1d is 16-9 m-equiv/I. cells. The water content is 545% (w/v), and hence the 
concentration of Na+K is 31 m-equiv/l. cells and the contribution from this 
source will be less than 62 m-osmoles. The contribution from lactose in the 
packed cells, discussed below, is 107 m-osmoles. The osmotic contribution of 
haemoglobin is considered later, but in the mean time it may be noted that 


the findings suggest that the osmolarity of the cells is considerably less than. 


that of the external medium. Such a finding might arise from the presence 
of ‘bound water’ within the cell or from the cell becoming impermeable as a 
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result of shrinkage. With regard to the latter, it is difficult to see how one of 
two phases originally in osmotic equilibrium could develop a lower osmotic 
pressure than the other as a result of the gradual development of imperme- 
ability during shrinkage. In any case shrinkage does not cause impermeability 
to cations, because if cells are shrunken by exposure to lactose solution and 
then transferred to hypertonic KCI solution (340 mm) further shrinkage occurs 
but the entry of K+ is extremely rapid, as is the exchange of Na+ for K+ if the 
cells are transferred from the KCl medium to hypertonic Na,SO, solution 
(161 mm) (Table 2). It may be noted that the concentration of Na+K in cell 
water in this experiment was only about 77° of the external concentration: 
the average figures when cells were shrunken in hypertonic solutions of 
electrolyte to 0-70 of the normal value were 272 m-equiv Na+K/l. cell water 
and 348 m-equiv/!. medium water (7 expts.). 

Lactose space of erythrocytes shrunken in lactose solution. It has been noted 
above that, in order to calculate the osmolarity of cells centrifuged from 
lactose medium, it is necessary to know the extent of the lactose space in 
the centrifuged cells. This may be done by using lactose itself as a marker 
and estimating the reducing power of deproteinized cells (Maizels & Remington, 


19595). 
| TaBLE 2. Exchange of Na and K between shrunken cells and 
various hypertonic external media at 37° C 


Cation content 
of cells 

(m-equiv/1.) 

Expt. Time r 
no. Treatment of cells (min) V Na K 

la 3 hr in lactose solution (10%, w/v) 180 0-74 1-8 15-2 
16 Cells transferred from la to 3 0-74 13 142 
le KCl solution 0-34 m 30 0-72 1-3 164 
ld _ (Cells transferred from lc to 2 0-71 64 67 
le Na,SO, solution 0-161 m 30 0-69 83 51 


For erythrocytes in lactose solution 6° (w/v), cell volumes at 1 and 3 hr, 
respectively, averaged 0-72 and 0-71 of the normal value and the lactose space 
at 1 hr averaged 8-0 % (range 6:8-9-7 %) and at 3 hr 10-1 % (range 8-8-12-1%, 
5 expts.}. With cells in 10% lactose medium cell volume average 0-71 and 
the lactose space 18-8% (range 12-6-24:2%) and at 3 hr volume averaged 
0-69 and the lactose space 23-7 % (range 18-3-29-8%, 5 expts.). In one experi- 
ment with observations on the same batch of cells, volume and lactose space 
_ after 3 hr in 6% lactose solution were 0-71 and 10-9%, and after 3 hr in 10% 
_ lactose solution 0-69 and 27-8%; but in a medium consisting of 20 mm-NaCl 
in 8-8°, lactose volume was 0-9 and the lactose space at 4-6°% was only a 
little greater than the normal 3% for fresh cells centrifuged immediately 
from lactose medium (Maizels & Remington, 1959). The extent of the lactose 
Space in NaCl-free lactose medium, and its increase between | and 3 hr, may 
suggest that, in contrast with its failure to penetrate normal cells (Kozawa, 
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1914), lactose may penetrate abnormal cells; if so, the ability is associated 
with a highly permeable cell shrunken in non-electrolyte. However, increase 
in the lactose space between 1 and 3 hr with very little change in cell volume 
may be due to a decrease in the true cell volume with increased crenation and 
an increase in the intercellular space. Such changes might also explain why 
the lactose space doubles when cells are suspended in 10% lactose solution 
instead of in 6%, and why it is quite small in cells only slightly shrunken in 
lactose-rich media containing 20 mm-NaCl. Certainly the possibility of de- 
creased volume with increased rigidity of the cell structure is suggested by 
the increased susceptibility to mechanical injury of cells incubated in 10% 
lactose solution. In this connexion it may be noted that oxygenated sickle 
cells (which are biconcave) have a true intercellular space of 2°7%, which 
increases to 8-5°% when the cells are caused to sickle by reducing oxygen 
tension (Clarkson & Maizels, 1955a). However this may be, in order to 
calculate the osmolarity of the packed cell mass it suffices to know the extent 
of the lactose space, whether this be wholly or partly extracellular. 


Effects of preliminary incubation in lactose medium on the cation exchanges 
of erythrocytes subsequently transferred to electrolyte media 
When cells are transferred from lactose medium to a medium containing 
equal parts of KCl and LiCl, there is an immediate gain of K+ and Lit which 
is probably intercellular. Thereafter there is a rapid increase in cell K+ and 
Lit and also in cell volume (Table 3). It may be noted that at ‘0’ hr, when 
cell volume is 0-68 of normal, the concentration of Na+ + K++ Lit in cell water 


Tasxz 3. Effects on cell volume and cation content of incubating erythrocytes in lactose solution, 
followed by transference to KCl + LiCl medium and thence to NaCl medium. Temp. = 37° C 


Cation contents of cells 
(m-equiv/l.) 


Expt. Time r 
no. Treatment of cells (min) de Na K Li 
la Incubation in lactose medium (6%, w/v) 180 0-70 2-4 17-6 0 
1b Transferred to KCl + LiCl medium 0 0-68 2:3 26-4 12-6 
le (80-mm of each) 60 00-88 0-73 443 45-1 
1d Transferred to NaCl medium (140 O86 138 368 3465 
le 60 O88 392 252 21:7 | 


is 50% of the external concentration, while after 60 min cell volume is 088 
and the cell concentration 90% of the external concentration. The lactose 
space at this time is 5-0%. Owing to the fact that cell volume increases con- 
siderably in this stage, it is not possible to calculate the rates of influx during 
suspension in KCl+ LiCl medium from the data for increase of K+ and Lit in 
the erythrocytes. If, however, the cells are transferred from the KC]+ LiCl 
medium to NaCl medium (140-150 mm) at 37°C, cation exchanges occur, 
efflux of K+ and Li* and influx of Na+ being accompanied by little further 
increase in volume, and rates of flux may be calculated for this stage. 
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Flux: concentration ratvos of cells transferred to NaCl medium after being 
incubated successively in lactose medium and KCl+ LiCl medium 

The ratio of a cation flux to the mean cation concentration difference has 
been used as an index of the rate of cation fluxes. In the case of K+ and Lit 
efflux into a large volume of external NaCl medium, any external K and Li 
’ may be ignored and the rate of flux is taken as the difference between the 
and 1 hr values divided by the geometric mean of these values. For calculating 
the rate of Na influx, the expression ([Na;], —[Naj],)/([Nae] —4/[Naz}, -[Nai],) 
has been used, where [Na], and [Na;], are the cell Na concentrations at 0 and 
1 hr and [Nae] is the external concentration. In a number of experiments 
where time curves are available the theoretical values have been compared 
with the graphic means, and the former have exceeded the latter by 0 to +8%. 
Owing to experimental errors in the estimations, the s.z. of the flux concen- 
_ tration ratios is fairly high. It is about +0-012; that is, +4%% for ratios of 
0:3 hr-!, and +12% for ratios of 0-1 hr-!. In fifteen consecutive experiments 
the ratio of the cation flux to mean cation concentration difference for Nat 
(influx) averaged 0-39 hr-! (range 0-18-0-63), for K+ (efflux) 0-40 (range 0-13— 
0-63) and for Li+ (efflux) 0-50 hr-? (range 0-26-0-70). 

Donnan asymmetry and cation fluxes. In these experiments two samples of 
erythrocytes were first rendered highly permeable and also depleted of 


|  ¢ation by incubation in lactose solution (Stage 1). In the case of one sample, — 


cation so lost was replaced during Stage 2 of treatment by incubation in 
KCl+LiCl medium, and the treated cells were subsequently incubated in 
NaCl medium: during this third stage, cell K+ and Lit exchange with external 
Nat. In the case of the second sample of lactose-treated cells, cation replace- 
ment (Stage 2) was effected by incubation in NaCl solution, and exchange 
(Stage 3) by subsequent incubation in KCl+LiCl medium. By comparing 
the ratios of cation flux to mean cation concentration difference for K* efflux 
and influx it should be possible to obtain a measure of the Donnan effect; and 
similarly for Li+ efflux and influx and for Na+ efflux and influx. Six replicates 
of each ‘point’ were done and the results are shown in Table 4. They do not 
suggest that the Donnan asymmetry has any significant effect on the cation 
fluxes, except possibly in the case of K+. It must be noted, however, that the 
calculations on which Table 4 is based assume that all cell water is free, though 
_¢alculations based on the assumption that a proportion of cell water is bound 
still suggest that the Donnan asymmetry has rather little effect on the rates of 
_ the cation fluxes. This matter is discussed more fully later. 


Effects of Ca and Mg on erythrocytes treated with lactose solutions 
In this series of experiments the effects of adding Ca**+ and sometimes 
Mg*+ on the permeability of erythrocytes were examined by adding CaCl, or 
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4. Comparison of the flux: concentration ratios of Na+ influx and efflux, 
K+ efflux and influx, and Li* efflux and influx. Temp. = 37° C 


Ratio of cation flux (hr-): mean 


pH of system at 20° C cation concentration difference 

Expt. no. Cells Medium Nat K+ Li+ 

fe 7-19 7-64 In 0-26 Out 0-22 Out 0-35 
1b 7-21 7-61 Out 0-29 In 0-26 In 032 | 
2a 7°20 | 7-57 In 0-38 Out 0-31 Out 0-43 
2b 7:19 7-56 Out 0-38 In 0-36 In 0-42. 
3a 7°26 7-61 In 0-37 . Out 0-29 Out 0-37 
3b 7-26 7-60 Out 0-34 In 0-35 In 0-35 
4a 7-22 7-59 In 0-21 Out 0-15 Out 0-20 
4b 7-18 7-57 Out 0-27 0-26 O19 


Note: for K and Li efflux and Na influx cells were transferred from lactose medium to KCl + 
LiCl medium and thence to NaCl medium. For Na efflux and K and Li influx the succession of 
media was lactose to NaCl to KCl + LiCl. The pH of cells and medium in 4b measured with glass 
and calomel electrodes at 37° C was 7-01 and 7-44. 


MgCl, during one or ies of the three stages of an oe To avoid 
confusion the scheme is summarized below: 


(1) Cells incubated in lactose medium (Stage 1) with and without added 


CaCl, or MgCl,. 
(a) Effects of CaCl, or MgCl, on the depletion of Na and K in Stage ; 


(b) Effects on cation exchange in Stage 3: cells transferred from the | 
lactose medium to Ca- and Mg-free KCl1+ LiCl medium (Stage 2), 


and thence to Ca- and Mg-free NaCl solution (Stage 3). 

(2) Cells incubated in Ca- and Mg-free lactose medium (Stage 1) and then 
transferred to the KCl+ LiCl medium with and without added CaCl, or 
MgCl, (Stage 2). 

(a) Effects on the rate of cation exchange on subsequent transferencc 
| to Ca- and Mg-free NaCl medium (Stage 3). 

(3) Cells incubated in Ca- and Mg-free lactose medium (Stage 1), then 

transferred to Ca- and Mg-free KC1+LiCl medium (Stage 2), and 


finally incubated in the NaCl medium with and without added CaCl, | 


or MgCl, (Stage 3). 
(a) Effects on the rate of cation exphacge | in Stage 3. 
Effects of adding Ca*+ or Mg*+ to a suspension of erythrocytes in lactose 
solution. Krythrocytes were incubated in three samples of lactose solution 
(6%, w/v). One sample had no additions, while the others contained re- 


spectively 2-5 mm-CaCl, or MgCl. As might be expected from the corre- 


sponding findings on adding NaCl in this stage (Table 1), cell permeability 


remained relatively low in the presence of Ca?+ and Mg®+ and falls in cell Na 
and K were comparatively small (Table 5). This maintenance of low perme- | 


ability persists when cells are transferred to the KCl+ LiCl medium in age 2 
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and also when the cells are incubated with the NaCl medium of Stage 3, even | 
though both these media are Ca- and Mg-free. In Table 6 only the effects on — 
Stage 3 are shown, and since cell volume remains practically unchanged 
- daring this part of the experiment, results are expressed as flux: concentration 
ratios. These findings confirm observations of Wilbrandt (1940) that the presence 
of Ca®+ or Mg**+ in a solution of non-electrolyte in which erythrocytes are 
suspended maintains low cell permeability. Wilbrandt considered that any 
member of the alkaline earths was equally effective, but the next group of 
experiments shows that this is not so. 


incubated in lactose media at 37° C 
External medium Cells 
— A ~ Minutes 
Lactose CaCl, MgCl, at Na (m- K (m- 
(g/100 ml.) (mm) (mm) 37°C V equiv/l.)  equiv/l.) NaxV KxV 
| 6 0 0 0 1-26 5-6 78 7-0 99 
6 0 0 180 0-73 1-9 22 1-4 16 
6 0 180 1-16 2-9 3-4 86 
6 0 : 2°5 180 1-10 2-9 70 3-2 77 


The values Na x V and K x V are proportional to the content of Na or K per cell. 


Taste 6. Effects of adding CaCl, or MgCl, to a suspension of erythrocytes in lactose solution 
on the permeability of the cells after subsequent transference to two changes of Ca- and 
Mg-free electrolyte media, Stage 1: 3 hr in lactose solution; Stage 2 in KCl + LiCl medium; 
Stage 3 in NaCl medium. CaCl, or MgCl, are present only in Stage 1. Flux:concentration 
ratios are measured only in Stage 3 

Ratio of the cation flux 
(hr-*) to mean cation 
Second stage Third stage concentration difference 


First stage in lactose in KCl+ LiCl in NaCl in Stage 3 
Expt. solution (6%, w/v), (70 mmofeach), (140 mm), A 
no. 3 hr at 37° C Lhrat37°C Nain Kout Li out 
la No additions No additions No additions 0-36 0-36 0-48 


16 MgCl, 2-5 mmadded Noadditions Noadditions 0-072 0-098 0-12 
le CaCl, 2-5 mm added No additions Noadditions 0-047 0-070 0-083. 


Effects of incubating erythrocytes in Ca- and Mg-free lactose solution (Stage 1) 
and of then transferring to KCl + LiCl medium with and without CaCl, or MgCl, 
(Stage 2) on cation transfer during subsequent incubation in NaCl medium 
(Stage 3). If cells that have been subjected to cation depletion in Stage 1, 
and then to cation replacement with K+ and Lit in Stage 2, are now incubated 
for 1 hr at 37° C in NaCl solution (Stage 3), it will be seen that MgCl, added 
in Stage 2 has no protective action on permeability in Stage 3, while Ca?+ 
added in Stage 2 still maintains low permeability in Stage 3, though the effect 
is less marked than if Ca®+ is present in Stage 3 as well as in Stage 2. This 
suggests that. some of the Ca*+ combined with the cells in Stage 2 is detached 
when the cells are transferred to Ca-free NaCl medium. The results of these 


experiments are given in Table 7. . 
37 PHYSIO, CXLIX 
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(Stage 1, cells 3 hr in lactose medium at 37°C. Stage 2a, cells transferred to KCl + LiCl 

-. medium for 16 hr at 4° C; Stage 20, cells in same medium for 1 hr at 37° C, MgCl, or CaCl, 
being added in Stage 2b. Stage 3, cells from 2b incubated in NaCl medium. CaCl, was 
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sometimes also added in Stage 3) ) 
tage 2b Ratio of cation flux (hr-'): mean 
Additions (mm) concentration difference (Stage 3 
Expt. (KEL + during Stage 3 
no. edium) (NaCl Na in K Li out | 
0 0-60 0-54 0-67 
1b 0 ca 2°5 0-12 0-11 0-13 
le CaCl, 2-5 | 0-17 0-20 0-31 
ld CaCl, 2-5 cat ste 0-10 0-08 0-12 
le MgCl, 2-5 “0-59 0-51 0-62 
lf MgCl, 2-5 0-56 0-55 0°60 
lg MgCl, 25... . - CaCl, 2:5 0-12 0-09 Ol) 


TaBLE 8, Effects of the duration of exposure of cells to CaCl, during Stage 2b (cells in KCl + 
LiCl medium at 37° C) on cation transfer during subsequent incubation in NaCl medium 
(Stage 3). (Treatment as in Table 7) 

Ratio of cation flux: mean 
cation concentration difference 


Stage 2b (KCl + LiCl medium) ; Stage 3 (Stage 3 only) 
additions, and duration (NaCl medium); 
no. of action at 37° C additions Na in K out —__ Li out 
la 0-35 0-39 0-50 
16 CaCl, 2-5 mam. 0-040 0-081 0-081 
le. 25mm CaCl, forl min 0 0-23 0-21 0-30 
ld 2-5.mm CaCl, for 5 min ) 0 0-19 0-21 0-28 
ile 2-5 mm CaCl, for 20 min 0 0-17 0-19 0-19 
lf _ 2:5 mm CaCl, for 60 min 0 0-10 0-10 0-12 
lg 2-5 mm CaCl, for 60 min CaCl, 2-5 mm 0-048 0-075 0-097 


The first pair of observations are controls showing maximum and minimum ratios. 


: Time taken for the Ca effect on erythrocytes to develop during Stage 2. In these 

4 experiments cells first incubated in lactose solution (Stage 1), were cold-stored 

during the night in KC1+LiCl medium. Samples of this suspension were: 

incubated for 1 hr next day at 37° C, CaCl, (2-5 mm) being added to individual 

samples 60, 20, 5 and 0 min before the end of Stage 2. Cells from each sample 

were then transferred to Ca-free NaCl medium and all suspensions were 

incubated for 1 hr (Stage 3). The results are shown in Table 8, where compari- © 

son of a with c, d, e, f and g shows that addition of CaCl, in Stage 2 has an 

| immediate effect on the cells which is manifested by relative impermeability 
in the Ca-free Stage 3 (compare c with control a). But there is also an additional 
delayed effect: hence the longer the time of exposure to CaCl, in Stage 2, the 
lower is the permeability in the calcium-free Stage 3 (compare c with d, ¢ 
and f), Nevertheless, even when exposure to CaCl, during Stage 2 is pro- 
longed, transference to Ca-free NaCl solution in Stage 3 leaves the cells more { 


permeable than when they are exposed to CaCl, = Stages 2 and 3 
(Table 8, ” or even during Stage 3 alone (0). . 
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The effects of temperature on the Ca effect in Stage 2. The effects of temperature 
in Stage 2, as manifested by permeability changes of erythrocytes in the Ca- 
free NaCl medium of Stage 3 are shown in Table 9. It will be seen that the 
(a effect is evident after exposing the cells for 10 min at 4° C, but is more 
marked at 37° C. 


Tasie 9. Effects of varying the temperature at which cells are exposed to CaCl, during 
Stage 25 on cation transfer in Stage 3. Treatment of cells as in Tables 7 and 8 
Ratio of cation flux (hr-*): mean 


cation concentration difference 
Stage 26 (KC1+ LiCl medium); 


Stage 3 (S 3 onl 

Expt. additions, and duration and (NaCl medium); - 
no. temperature of exposure additions Na in K out Li out 
la | 0 | 0 0-22 0-20 0-27 
1b 0 CaCl, 2-5 mu 0-046 0-090 0-082 
le CaCl, 2-5 mm; 10 min at 4° C 0 0-18 0-17 0-24 
Id CaCl, 2-5 mm; 10 min at 37° C 0 0-13 6-14 0-19 
2a 0 er 0-36 0-42 0-54. 
2b : 0 CaCl, 2-5 mm 0-11 0-12 0-16 
2c ‘CaCl, 2-5 mm; 20 min at 4° C 0 0-31 0-36 0-45— 
2d CaCl, 2-5 mm; 20 min at 37° C 0 0-22 0-24 29 


a and 6 are controls showing maximum and minimum permeability 


Effects of incubating erythrocytes in Ca- and Mg-free lactose solution (Stage 1), 
transferring to Ca- and Mg-free KCl + LiCl medium (Stage 2) and then incubating 
the cells in NaCl solution (Stage 3) with or without the addition of salts of Ca, Mg, 
Ba, Sr, Co or Mn. It has been shown in the previous section that the addition 
of CaCl, during Stage 2 minimizes any increase of permeability to cations 
during Stage 2 and also during Stage 3, though if the NaCl medium of Stage 3 
is Ca-free, the effect is much less than when Ca salts are present. In the present 
section the effects of adding CoCl,, MnCl,, MgCl,, SrCl,, BaCl, and CaCl, to 
the NaCl medium of Stage 3 is examined. The procedure, as before, involves 
cell depletion by incubation in lactose medium, replacement of lost cation by 
incubating in Ca-free KCl+ LiCl medium, followed by the exchange of Nat 
with K+ and Lit on incubating the cells in the NaCl medium of Stage 3. 
Table 10 shows that in this last stage only the addition of CaCl, effectively 
maintains low permeability, other divalent cations having little or no action. 

Effect of chelating agents and of protein. Both citrate and fluoride inhibit 
the protective action of Ca salts on lactose-treated erythrocytes (Table 11), 
presumably because Ca acts in the ionized form. Albumin acts similarly, but 
the effect is slight even when albumin in the medium is high and the content 
of Ca?+ low (Fig. 1). Heparinized plasma decalcified with Zeocarb 216 likewise 
inhibits the effect of Ca2+ only slightly. The control used in this experiment 
was lactose-treated cells in dilute albumin solution (0-5%, w/v) containing 
150 mm-NaCl, the albumin being present to provide buffering and to control 


the pH. In the presence of 0-3 mm-CaCl, permeability of cells in the control 
37-2 


4a 
| 
‘ 


574 VALERIE BOLINGBROKE AND M. MAIZELS 


was lowered slightly more than with plasma containing protein 5-98% (w/v), 
indicating that in the former a little more ionized calcium was present. This 
becomes evident if one uses a ‘flux: concentration index’ which compares the 
flux:concentration ratios of systems containing Ca*+ with those of Ca-free 
systems whose cells manifest maximum permeability. : 


flux: concentration ratio of Ca-containing system, | 
flux: concn. ratio of corresponding Ca-free system 


Flux: concentration index = 


TasBxe 10. Effects of adding Ca*+ and other divalent cations in Stage 3. (Stage 1, cells 3 hr in 
lactose medium, 6% (w/v) at 37°C. Stage 2, cells transferred to KCl+LiCl medium, 
70 mm of each salt, stored in cold during the night and then incubated for 14 hr at 37° C. 
Stage 3, cells transferred to NaCl medium, 140 mm in albumin 2% (w/v). and incubated for 
1 hr at 37° C) 


Expt. 1. Expt. 2. 

Additions Ratio of cation flux (hr-!): mean Ratio of cation flux (hr-'): mean 
during cation concentration difference cation concentration difference 

(mM) Na in K out Li out Na in K out Li out 
None 0-31 0-26 0-38 0-31 0-28 0-44 
Co*+ 2-5 0-26 0-22 0-37 0-22 0-24 0-37 
Mn*+ 2-5 0-26 0-23 0-37 0-25 0-24 0-39 
Mg*+ 2-5 0-30 0-24 0-39 0-28 0-31 0-42 
Sr*+ 2-5 0-28 0-25 0-34 0-25 0-24 0-34 
Ba*+ 2-5 0-32 0-25 0-38 0-30 0-31 0-43 
Ca*+ 2-5 0-08 0-05 0-12 0-05 0-06 0-07 

Tas 11. Inhibition of the calcium effect in Stage 3 by the 
addition of NaF or tri-sodium citrate 
Composition of medium in Stage 3 Cation flux (hr-*):mean cation 
NaCl NaF  Na,citrate CaCl, Albumin’ - A 
(mm) (mm) (mm) (mm) (%, w/v) Na in K out Li out 

140 0 0 0 2 0-31 0-32 0-43 

135 0 0 2°5 2 0-04 0-05 0-06 

0 , 135 0 25 2 0-42 0-50 0-69 

130 0 20 2-5 Bee: 0-24 0-30 0-45 


_In the case of albumin medium containing 0-3 mm-CaCl,, the flux: concentra- 


tion indices for Na, K and Li were 0-45, 0-54, and 0:54, and for plasma con- 
taining 0-3 mm-Ca(Cl, 0-59, 0-56 and 0-61; for media containing 0-6 mm-CaCl, 
the differences were barely perceptible and for media containing 3 mm-Ca(l, 
the results were almost identical. 


Cell permeability and the apparent energy of activation 
| of the flux: concentration ratio 
The apparent energy of activation of the flux:concentration ratio was 
calculated for lactose-treated erythrocytes of high and low permeability 
obtained by incubating cells in Stage 3 with and without Ca?+. The error for 
cells of high permeability is about + 14°, while for cells of low permeability 
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Flux : concentration ratio for Na influx 


Albumin (g 100 mi.) 


Fig. 1. Effects of Ca*+ and albumin on the ratio Na influx (hr-"): mean Na concentration difference 
for lactose-treated erythrocytes incubated successively at 37°C in KCl+LiCl medium and 
then in NaCl medium containing varying amounts of Ca*+ and aJbumin. 


Tasix 12. Apparent energy of activation of the flux: concentration ratio in Stage 3. Permeability 
was varied during Stage 3 by adding CaCl, to the NaCl medium. Stage 1 in lactose and 
Stage 2 in KCl + LiCl media, as in previous tables 

Ratio of cation flux 


(hr-?):mean cation Apparent of 
concentration difference  _—_ activation (cal) 
Expt. Additionsin Temp. -—— A 
no. Stage 3 (°C) Nain Kout Liout Nain Kout Li out 
1 None 190 018 0-17 0-22 
None 32:1 0-31 0-31 0-36 7400 8200 
CaCl,25mm 1990 0-093 0-051 0-083 
CaCl, 2-5 32-1 0-15 0-075 O15 ©6400 5200 
2 None | 19-7 = 0-15 0-15 0-18 
None 37-0 0-30 0-27 0-35 7200 6100 


CaCl, 2:5 mm 0069 0-091 0-082 
CaCl, 2-5 mm 37-0 0-16 0-20 0-17 8600 8200 


3 None 20-6 0-26 0-26 0-27 ; 
None 37-0 0-45 0-43 0-54 6100 5600 
CaCl, 0-25 mu 20-6 0-18 0-12 0-20 
CaCl, 0:25 mm 37-0 0-31 0-24 0-35 6000 7700 


0-4 4 
0-3 a 

2+ 

Ca = 0:6 mM q 
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it is about +30%. For this reason results are inconclusive, though Expt. 3 
is the most satisfactory because here the reduction effected in permeability 
was only moderate, the probable error being + 10% for cells of high perme- 
ability and +17% for less permeable cells. All that can be said is that the 
apparent energies of activation for Na influx are about half the value found 
in fresh normal cells (Clarkson & Maizels, 19555), that the values for Na influx, 


Kefflux and Li efflux for lactose-treated cells are all of the same order, and that 


decreasing the permeability of lactose-treated cells by adding CaCl, does not 
significantly alter the apparent energy of activation for the respective fluxes 
(Table 12). 
Time curves for cation fluxes 

If K and Li efflux and Na influx are governed by first order processes, then 
for cells containing K+, Lit and Na* in a large volume of NaCl medium, the 
plots of In{Liy], and In ({[Nae]—[Nai],) should be linear with time, 
where [K;,], [Li] and [Na;] are the concentrations of cell K+, Lit and Nat, 


and [Nag] is the external concentration of Na+. Examples of such curves are 


shown in Fig. 2a, b, c. They were obtained from data on cells first treated with 
lactose solutions, then with KCl + LiCl medium and finally with NaCl medium. 
Cell permeability was varied by adding CaCl, during both the second and third 


_ stages, and the curves apply to cation exchanges measured.during Stage 3. 


It will be seen that the rate of cation exchange falls as the concentration of 
Ca**+ to which the cells have been exposed is increased, that in the case of the 
most permeable cells the logarithmic plots are almost linear with only a slight 
concavity, while with the less permeable cells the concavity is more marked. 
Fig. 2d, e, f shows the Na+, K+ and Lit contents of the cells plotted against 
the square root of time (t#). The significance of this is discussed later. — 


DISCUSSION 
Effects of incubating human erythrocytes in lactose solution at 37° C 

It has long been known that erythrocytes placed in solutions of non-electro- 
lytes become highly permeable and rapidly lose KCl. This is discussed by 
Jacobs & Parpart (1933) who give references to earlier work, and by Maizels 
(1935). Coulter (1924) and Maizels (1935) showed that with erythrocytes in 
solutions of non-electrolytes an hydrolysis of cell salts occurred, leading to 
an initial increase in cell pH with a marked fall in external pH; later these 
changes tend to be reversed and the initial findings have been ascribed to the 
greater mobility of Cl- as compared with that of K+ and Nat. Certainly after 
an hour’s incubation at 37° C there has occurred a considerable loss of cell 
cation and a marked decrease in cell volume (Table 1). In the presence of a 
small amount of external salt (e.g. 5 mm-Na(Cl) these changes are less marked, 


az 
J 
> 


CALCIUM IONS AND HUMAN ERYTHROCYTES 577 


or 4:0 
39 
B . 3-8 
= 
37 
Z 
c 
4-6 3-6 
35 
0 20 40 60 0 20 60 
Minutes 
e 
K L 


Cation content (m-equiv/l. cells) 


i L 
2 4 0 
| 
Fig. 2. Effects of varying the permeability of lactose-treated erythrocytes with Ca*+ on the time 
- curves for changes in (a) In({Na,] — [Na,]), (0) In{K,] and (c)In{Li,]; where [Na,] is the external 
Na concentration and [Na,], [K,] and [Li,] are the concentrations of Na, K and Li (m-equiv/! 
cell water. 
(d), (e) and (f) show the Na, K and Li contents of cells (m-equiv/l.) plotted against fh. 
Medium contains 140 mm-NaCl with Ca**: @=0, = 04, @=08 and O = 146 


m-equiv/1. 


o 
nage 
> 


a 
> Gea 
5 > 
ag 
& 
SO 
32 
28 
20 | 


578 - VALERIE BOLINGBROKE AND M. MAIZELS 
while with a moderate amount of external salt (20 mm-NaCl) loss of base and 


change in the external pH are slight even after 3 hr incubation. External 
NaCl may be replaced by KCl, LiCl or NH,C1. | 


Osmotic balance of erythrocytes shrunken after exposure to lactose solution 

Theoretically a solution containing 10% lactose (w/v) should be approxi- 
mately isotonic with human erythrocytes, and actually so long as loss of cation 
is prevented by the addition of NaCl to the lactose, little change in volume 


occurs. Thus with 5 mm-NaCl there is no immediate change in volume, and if 


1 volume of isotonic NaCl solution (150 mm) is added to 6-5 volumes of 10%, 
lactose solution, erythrocytes suspended in the medium retain for 3 hr the 
same volume as that of the original cells in plasma (Table 1). However, in 
electrolyte-free lactose medium (10%, w/v) the cells lose cation and anion, 
and shrink. It has been noted already that the osmolarity of such shrunken 
cells is apparently much less than that of the external medium. Thus in 


Table. 1 external lactose amounts to 290 m-osmoles. If one assumes that at 


cell pH 6:8 no significant amount of cation or anion is bound by haemoglobin, 
then at 3 hr (Table 1, No. 1d) salts of Na and K amount to 17 mm and lactose 
to 202% (w/v), giving a total of only 173 m-osmoles, assuming all cell water 
(54% (v/v)) is free. This suggests that about 40% of cell water is ‘bound’, and 


_if so 11. shrunken cells contains 540 ml. total water and 215 ml. ‘bound’ 


water: it also contains 520 g haemoglobin, corresponding to 0-4 ml. ‘bound’ 
water/g. The figure for seven experiments where cell volume averaged 69-5 % 
of normal was 0-36 ml. ‘bound’ water/g Hb (s.p. + 0-04 ml.). This value for 
intact cells at 37° C is comparable to Drabkin’s (1950) value of 0-34 g ‘bound’ 
water/g Hb obtained with haemoglobin crystals in 28m phosphate at 4° C. 

It is clear that while the presence of ‘bound’ water would explain the 
apparently low osmolarity of the shrunken cell, it would not explain the loss 
on shrinking of a fluid which is grossly hypertonic. It has been seen that 
during 3 hr in lactose solution (10% (w/v)) 11. cells loses 85 m-equiv Na+K 
and 195 ml. water or 435 m-equiv Na+K/l. effluent. Thus the salt concentra- 
tion of the effluent is two and a half times the initial concentration of Na+K 
in the cells, and its osmolarity is two and a half times that of the external 
medium. The occurrence of such an effluent can only be explained on the 
assumption that the osmolarity of the erythrocytes rises progressively as the 
cells shrink. In other words, as a cell shrinks in isotonic lactose solution from 
loss of an initially isosmotic fluid, the effective concentration of the cell con- 
tents tends to rise, and the interior of the cell and the external medium can — 
only be kept isosmotic by the outflow of a grossly hypertonic fluid. Thus the — 
above results obtained by quantitative analysis accord with observations 
based on vapour pressure measurements of red cells made by Roepke & 
Baldes (1942) and attributed by them to the anomalous osmotic pressure of 


| 


cells, even after adding glucose. In the case of K+, the asymmetry effect 
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haemoglobin in concentrated solution (Adair, 1929). Dick & Lowenstein 
(1958) have reached a similar conclusion from the study of osmotic equilibria 
in human erythrocytes by immersion refractometry. 

In the present experiments shrunken cells contained 52 g haemoglobin/ 
56 ml. total water or 93 g Hb/100 ml. water. If one assumes tkat all the 
lactose space is extracellular, the corrected figure is 52 g Hb/36 ml: or 140 g 
Hb/100 ml. water: much of this haemoglobin cannot be in solution and the 


osmolarity of such a system is a matter of conjecture. 


Effects of the direction of flux on the flux: concentration ratio 


Harris & Maizels (1952) have assumed that the Donnan asymmetry resulting 
from a high concentration of non-penetrating anions within the erythrocyte 
will increase the rate of influx of cations and decrease the rate of efflux, and 
they related the passive fluxes (e.g. passive Na influx and that portion of Na 
efflux presumed to be passive) by an asymmetry factor calculated from the 
distribution of H+ or Cl- between the cells and the external medium. On the 
other hand, the work of Shaw (1954) and of Glynn (1956) suggests that simple 
passive diffusion does not play a major part in the influx or efflux either of Na 
or K, In the present experiments the rate of penetration of cations has been 
greatly increased by preliminary treatment with lactose solution, and it has 
been possible to arrange for K+ and Lit within the cells to exchange with 
external Nat, or alternatively for intracellular Na+ to exchange with external 
K+ and Lit. In either case the cells are considerably more acid than the 
external medium in accordance with the Donnan asymmetry (Table 4). If 
observations are restricted to those experiments (seven in all) where the 
asymmetry factor for H+ is about 2-3, and the asymmetry factors for Na+, K+ 
and Lit are calculated from the respective rates of influx and efflux, the 
findings (s.D. in brackets) may be summarized as follows: for H+ 2-35 ( + 0-2); 


for Na+ 0-9 (+ 0-07); for K+ 1-29 (+0-2); for Lit 0-86 (+0-08). The figures do 


not suggest that asymmetry is a factor in the respective rates of influx and 


efflux, but the calculations on which these figures are based assume that all cell | 


water is ‘free’, which in view of what has been said in the preceding section 
may not be the case. If it be assumed that 1 g Hb binds 0-3 g water, then the 
following values are obtained for the respective asymmetry factors: for H 2-35 


(£0.2); for Nat 1-31 (40-1); for K+ 2°11 (+ 0-3); for Li+ 1-22 (+0-14). Thus 


if allowance is made for bound water, the Donnan asymmetry appears to have 
a definite effect on the flux rates, though this is much less than would be 
expected from the distribution of H+. It may be argued that the effect of 
asymmetry in the case of Na+ is obscured by active Na efflux, but it has not 
in fact been possible to demonstrate active cation transport in lactose-treated 
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appears to be greater than is the case with Na+ and Lit, and this might perhaps 
be due to selective adsorption, a possibility suggested by Harris & Prankerd 
(1957). | 


Calcium and the permeability of human erythrocytes _ 


The importance of calcium ions in maintaining normal function in nerve, 
cardiac muscle and skeletal muscle is well known. Aebi (1950) has shown 
that Ca+, but not Mg?+, delays the swelling of liver slices. In the case 
of the erythrocytes of the snapping turtle, Lyman (1945) has shown that 
haemolysis occurs when the cells are suspended in saline media unless Ca*+ 
is present; the same is true of tortoise erythrocytes (Maizels, 1956), the action 
of Ca?+ in each case being specific. Lyman’s methods were not quantitative, 
but if the permeability of tortoise erythrocytes to radiosodium is measured, it 
may be shown that this increases greatly when the cells are suspended in Ca-free 


media, that salts of the heavy metals like Cd, Cu, etc., maintain or even lower — 


' permeability, but that this effect is due to coagulation of the cell membrane, 

and is accompanied by the death of the cell (Maizels, 1956). Of the alkaline 
earths, calcium alone is effective. It may be surmised that the same is true of a 
number of fishes whose erythrocytes lyse when sodium fluoride or potassium 
oxalate is added to a suspension (for references see Maizels, 1956). The red cells 
of the frog, the grass snake, the Canadian water snake and the chicken, on the 
other hand, survivesuspension in NaCl solution for many hours with little change 
in their composition, and the same is true of the erythrocytes of mammals. 
However, as has been noted elsewhere in the present paper, human red cells 
in solutions of non-electrolyte become highly permeable to cations, though 
normal low permeability tends to be maintained if a small amount of electrolyte 
is added to the medium (10-20 m-equiv/I.). It has been shown that. Na+ and 
K+ are both effective (Maizels, 1935), and in the present investigation it has 
been found that Lit and NH,* are also effective. Wilbrandt (1940), using an 
indirect method based on cell swelling and haemolysis, has confirmed that KCl 
or NaCl added to sucrose media tends to maintain normal permeability, and he 
has shown that the addition of CaCl,, MgCl,, BaCl, or SrCl, to such a medium is 
even more effective. He considered that this action was non-specific but due to 
the valency of the cations, the relative efficiency of the monovalent and divalent 
ions in the case of Na* and Ca*+ being expressed by the equation log (Na/,/Ca) 
= —0-37. Table 5 of the present paper does in fact show that the addition of 
CaCl, or MgCl,, when incubation in lactose medium is begun, maintains low 
permeability, and Table 6 shows that this effect is sustained during two 
subsequent changes in Ca-free electrolyte medium, whereas incubation in 
Ca-free or Mg-free lactose solution leaves the cells highly permeable throughout. 

In the latter circumstance.only Ca?+ added to subsequent suspending media 
can restore normal low permeability; examples are shown in Tables 7 and 10. 
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It may be noted that in the case of tortoise erythrocytes Co?+ and Mn?+ as 
well as Ca** will restore normal permeability without injuring the cell, but 
in the case of lactose-treated human erythrocytes Co?+ and Mn*+ are ineffective. 

The conclusion from the preceding statements is that, while salts of the 
alkaline earths will prevent loss of normal permeability in solutions of! non- 
electrolyte, once permeability has been lost (owing to the absence of such 
_ protection) Ca*+ alone will restore it. The inference is that traces of Ca2+ on 
the cell or within it are important in maintaining low permeability. It is 
possible that in the erythrocytes of the tortoise, snapping turtle and some 
fishes, linkage of Ca with the corresponding cell component is loose and is 
broken by simple treatment with a Ca-free electrolyte medium, but in the 
case of human cells (and probably of other mammalian erythrocytes) the 
linkage is tighter and is only severed by extraction in solutions of non- 
electrolyte. Possibly both these phenomena may be expressed in terms of 
surface charge. 

It is of interest to note that once calcium has been removed from the human 
erythrocyte with lactose solution and then replaced artificially, the new union 
is no longer firm, but is broken down, in part at least, by suspension in a Ca- 
free electrolyte medium. Thus if, after exposure to lactose medium (Stage 1), 
the cells are transferred to electrolyte solution containing Ca?+ (Stage 2) and 
thence to a Ca-free electrolyte medium (Stage 3), the flux: concentration ratios 
are higher than when Ca?+ is present in Stages 2 and 3, or even in Stage 3 alone 
_ (Table 7; compare No. 1c with 6 and d; Table 8, compare No. 1f with band 9). 

Concerning the state of calcium in the cell, a little of this is possibly adsorbed, 
because some immediate effect on permeability is evident (Table 8). Adsorption 
_ however, cannot be a major factor, because the Ca-effect on cell permeability 
increases with duration of exposure (Table 8) and with rise of temperature 
(Table 9). This suggestes that part of the effect is exerted below the actual 
cell surface, possibly within the cell membrane or inside the cell itself. It may 
be argued that, if as has been stated (Ponder, 1949), Ca salts are absent: from 
the human erythrocyte, the preceding remarks have no relevance. It may be 
shown spectrographically, however, that human erythrocytes well washed 
in NaCl solution contain traces of calcium (about 10 parts per million dry wt. 
or about 0-1 m-mole/I. cells). 

The way in which Ca*+ acts is a matter of speculation. Clowes (1916) has 
shown that with mixtures of oleic acid and water, if Na:Ca is greater than 
15:1 the water phase is continuous, but with ratios less than 75:1 the oil 
phase is continuous, so that decrease of Ca?* in cells might i increase permeability 
by removing the lipid barrier and permitting freer penetration through a 
continuous water phase. This, however, seems unlikely, because the Donnan 
asymmetry has rather little effect on the cation fluxes, which suggests that 
simple exchange in lactose-treated cells is relatively slight. Also efflux of Li* is 
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more rapid than efflux of K+, and since in the hydrated state the Li ion is larger 
than the K ion, it is likely that unhydrated Li is moving in a lipid phase. 
However this may be, it is clear that calcium has a specific role as part of 
the cation barrier in human erythrocytes, and that the integrity of this barrier 
can be maintained by the monovalent cations in an external medium, and 
especially by certain divalent cations in fairly low concentration, though they 
cannot replace calcium once it has been removed by a solution of non- 
electrolyte. It is perhaps this conserving action which has in some cases led 
to the view that in certain instances Mg®+ or Sr?+ may replace Ca?+. Thus it 
has been shown (McCutcheon & Lucke, 1928) that the unfertilized egg of the 
sea-urchin is almost impermeable to the water of sea-water, but highly perme- 
able to the water of glucose solution, unless the latter contains either calcium 
or magnesium salts. It is possible that this is an example of maintenance of 
calcium in the cell rather than of replacement of calcium by magnesium. 


| Effects of chelating and other agents 

Citrate and fluoride abolish the protective effects of calcium salts on lactose- 
treated erythrocytes, which shows that the protection is due to calcium ions. 
Albumin might also be expected to decrease the calcium effect on permeability, 
but the effect is slight (Fig. 1); this suggests that the affinity of Ca?* for 
_the appropriate cell component is far greater than its affinity for albumin 
in an external medium. So too, although half of the 5 m-equiv Ca present 
in 11. of normal plasma is apparently un-ionized, Ca-free plasma has very 
little inhibitory effect on the protective action of Ca?+ on erythrocytes, 
and any such effect is manifest only when the Ca?*+ content is very low (about 
0-5 m-equiv/l.). It had been hoped to use lactose-treated red cells for measuring 
the amount of ionized calcium in human plasma in disease, but clearly within 
the appropriate range (3-7 m-equiv Ca/l.) the method is not sufficiently 
sensitive. 

Permeability and the apparent energy of activation of cation fluxes 

Danielli & Dawson (1935) have shown that, for a semi-permeable homo- 
geneous membrane, the lower the rate at which a substance penetrates the 
greater is the temperature coefficient for the penetration rate. This has been 
confirmed experimentally by Jacobs, Glassman & Parpart (1935), who have 
also shown that when the erythrocytes of one species are less permeable to a 
given substance than are the cells of a second species, the temperature co- 
efficient of penetration in the former is greater than in the latter. The effect 
is not great, and their tables suggest that, as a very rough approximation, 
_a fivefold decrease in cell permeability may be associated with a 25% increase 
in the temperature coefficient. This may perhaps explain why lactose-treated 
cells, which are 10-20 times more permeable to cation than are normal erythro- 
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cytes, have an apparent energy of activation which is only half that found in 
normal cells, It may also explain why the addition of CaCl, to lactose-treated 
erythrocytes, while reducing cell permeability by about 50%, has no de- 
tectable effect on the apparent energy of activation. 


Time curves for the penetration of cations into erythrocytes first treated 
with lactose solution and then incubated in solutions of electrolytes 

If cation transfer of lactose-treated cells incubated in an electrolyte medium 
were a first-order process, then for cells in a large volume of medium, the plot 
against time of In [X*,] for efflux of X*+ from the cell or of In([X+e]—[X+,]) 
for influx into the cells should be linear, where [X*,] and [X*+e] are the con- 
centrations of X+ in cells and medium. Experimentally, however, the rate 
of flux decreases with time (Fig. 2), and it may be surmised that this is due to 
cation transfer in a non-homogeneous population of cells, the highly permeable 
cells tending to approach equilibrium more quickly than those less permeable. 
When the population as a whole is rendered less permeable by the addition 
of calcium salts, deviation from linearity is rather more marked, which suggests 
that the population has become even less homogeneous. 

The actual values for Na+, K+ and Lit have also been plotted against the 
square root of time (tt). The curves are similar to those seen with cells not 
first subjected to treatment with lactose solution, in that there is a slight 
_ initial slope followed by a steeper slope, which according to Harris & Prankerd 
(1957) should be linear, though the present data do not permit of precise 
definition. Harris & Prankerd suggest that the initial part of the curve is due 
to penetration of surface resistance, while the steeper slope, supposedly linear, 
is an expression of the internal resistance of the cell. In the present experiments 
it has been possible after preliminary treatment of the erythrocytes with 
lactose solution to adjust cell permeability by the addition of appropriate 
amounts of calcium salts, and in these circumstances the curves fan out, the 
calcium-poor suspensions giving the steepest curves. If it were possible to — 
say that Ca?+ acted only at the cell surface,.fanning out of the curves would 
exclude the possibility of the steep inflexions being due to resistance within 
the cells. Since, however, the effect of Ca?+ increases with time and tempera- 
ture and is not only due to surface action, the evidence is inconclusive, and it is 
_ thought that fanning out of the curves and the verisimilitude of linearity on 
plotting observations against ¢4 neither support nor refute the theory of 
Harris & Prankerd. 
. . Finally, it may be noted that the techniques described make it possible to 

modify the composition and permeability of erythrocytes at will. Unfortu- 
nately, much or ail of the cell’s power to transport cations actively is apparently 
lost in the process and so far no means have been found of restoring this 


Property. 
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SUMMARY 

1. When human erythrocytes are placed in an electrolyte-free solution 
of ‘aotonic lactose, salts diffuse from the cells, which shrink. The effluent 
contains about 430 m-equiv Na+K/l. water and is grossly hypertonic, while 
the residual contents of the cells appear to be hypotonic. It is thought 
that these findings are due to the anomalous molal osmotic coefficient of 
haemoglobin in concentrated solution. 
2. When lactose-treated cells are transferred to an electrolyte medium. 
passive cation transfer is found to be 10-20 times greater than normal. 
Samples of such cells may be caused to take up K+ and Li* and when suspended 
in NaCl solution, there is an efflux of K+ and Lit and an influx of Nat. 
Similarly, with cells containing Na+ suspended in KCl+ LiCl solution, there 


is an efflux of Na+ and an influx of K+ and Lit. In these circumstances the ~ 


effect of the Donnan asymmetry on the influx and efflux of Na+ and also of Lit 
‘is much less than would be expected from the pH difference between cells and 
medium. 

3.. If, when human erythrocytes are first suspended in lactose solution, 
Nat, K+, Lit or NH,* are also present (10-20 m-equiv/I.), loss of cation and 
water from the cells is greatly delayed, and the effect of Ca?+, Mg?*+, Sr?+ or 


Ba®+ is even more marked. But once the cells have been rendered highly 


_ permeable by suspension in electrolyte-free lactose solution, only Ca*+ of all 
these cations is capable of restoring normal low permeability. 

4. The normal union of calcium with the human red cell is firm, and is not 
broken in Ca-free electrolyte solution. Once this bond is broken, however, 
by suspending cells in lactose solution, the cells remain highly permeable to 
electrolytes unless calcium salts are added. But the new bonding is weak and 
is severed even in a solution of electrolyte, if this be calcium-free. The modified 
cells thus resemble the erythrocytes of the tortoise and snapping turtle. 
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CHANGES IN THE VASCULAR RESPONSES 
OF THE RAT DURING PREGNANCY 


By SYBIL LLOYD > 
From the Department of Physiology, University of Edinburgh 


(Received 27 July 1959) 


In a recent paper (Lloyd, 1959) it was shown that the vascular responses 
of the rat to oxytocin and vasopressin varied with the concentration of 
ovarian hormones in the body. The changes in response appeared either 
naturally during the course of the reproductive cycle, or could be induced 
by the administration of ovarian hormones. For instance, in the di- 
oestrous rat oxytocin had no effect on the blood pressure, though it dilated 
mesenteric capillaries, but at the time of oestrus or after administration 
of an oestrogen, the effect of oxytocin was both constrictor and pressor ; 
at these same times the sensitivity to the pressor action of vasopressin 
was increased. In view of these findings, it was of interest: to determine 
whether the responses to oxytocin and vasopressin were altered at any 


time during the course of pregnancy. The responses to acetylcholine and — 


isoprenaline were also tested. 
METHODS 


The cycles of non-pregnant rats were followed for about 10 days by taking vaginal smears 
which were stained with Leishman’s stain. After mating, the duration of pregnancy was 
calculated from the day of the last oestrous smear obtained. All experiments were made 
on rats which had been of approximately 200 g body weight before pregnancy began. They 
were anaesthetized with intraperitoneal sodium pentobarbitone 5 mg/100 g body wt., and 
the arterial blood pressure was recorded on a kymograph from the cannulated carotid 
artery. All test drugs were injected into the cannulated femoral vein in a standard volume of 
0-1 ml. of NaCl solution 0-9 % (w/v), and washed in by a further 0-2 ml. of the saline solution. 


The oxytocin used was the synthetic brand Syntocinon (Sandoz), and the vasopressin © 


was either Parke, Davis’s Pitressin or du Vigneaud’s highly purified arginine vasopressin. 


RESULTS 
Responses to oxytocin and vasopressin 

The effects of oxytocin and vasopressin on blood pressure were studied 
in twenty-nine rats during pregnancy and the first 4 days post-partum. 
In six rats, in which observations were made during the first eight days 
of pregnancy, the responses to oxytocin and vasopressin were in all cases 
similar to those found in the non-pregnant dioestrous animal; i.e. oxytocin, 
in doses of from 5 to 100 m-u., had either no effect on the blood pressure or 
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avery slight transient depressor action, whereas the effect of vasopressin 
(Pitressin) was always pressor, a dose of 0-6-1-0 m-u. producing a rise 
of 10 mm Hg in the blood pressure (Table 1; Fig. 1A). 

In ten rats used during the 10th—21st days of pregnancy the responses 
were always of the type found in the non-pregnant oestrous rat, i.e. the 
effect of oxytocin was pressor in doses which had no effect on the blood 
pressure during the dioestrous state or early pregnancy, and vasopressin 
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Fig. 1. The effect of oxytocin and vasopressin on the blood pressure of the rat during 
pregnancy ; (A) 5 days pregnant, (B) 14 days pregnant. Oxytocin (0) and Pitres- 
sin (P) injected intravenously at arrows; doses (m-u.) as indicated. 


had a somewhat greater pressor action than was seen in the dioestrous 
animal (Table 1; Fig. 1B). There was a marked tendency for the pressor 
response to oxytocin to increase as pregnancy progressed (Table 1), The 
dose of oxytocin required to produce a given increase in blood pressure 
decreased in the later stages of pregnancy; by the 21st day 10 m-u. oxy- 
tocin raised the blood pressure by 10 mm Hg, whereas 50 m-u. had been 
required to cause the same elevation on the 10th day of pregnancy. In 
Fig. 2 the responses to the same dose of oxytocin (25 m-u.) at different 
stages of pregnancy have been compared, the values given being the mean 
of several determinations in each animal. Although the rats used in late 


) pregnancy were considerably heavier than those used in early pregnancy, 
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it was assumed that the actual maternal weights would not be appreciably 
different. That there is some justification for this assumption was shown 
by the fact that all animals had been of approximately 200 g before the 
start of pregnancy, and those used post-partum showed little or no increase 
over this weight. The responses to vasopressin, though greater than in the 
dioestrous animal, did not show the progressive increase of oxytocin. 


TaB.E 1. The blood-pressure responses of pregnant rats to oxytocin and vasopressin _ 


Oxytocin 
: No. of rats showing : 
Duration of Total — A Effective Vasopressin, 
pregnancy no. of Pressor dose* effective dose* 
(days) rats Noeffect effect (m-u.) (m-u.) 
4-8 6 0 0-6-1-0 
9 2 2 lt 50 0:4 
10-14 6 0 6 50-60 0-4-0-6 
15-21 4 0 4 10-25 0-3—0-5 


* m-u. required to produce a rise in B.P. of 10 mm Hg. 
¢t Pressor only on some occasions, 


20r e 
E 
10+ ee 
eee 
Duration of pregnancy (days) _ Post partum 


(days) 
Fig. 2. The effect of 25 m-u. oxytocin on the blood pressure of the rat during 


pregnancy and the puerperium. Each spot represents the mean of several deter- 
minations in one animal. 


In two rats studied on the ninth day of pregnancy, one showed responses _ 


typical of the early stages of pregnancy (oxytocin had no effect on the 


blood pressure), and in the second the response was variable. In this — 


second animal oxytocin was injected fifteen times, in doses ranging from 
10 to 100 m-u.; on eight occasions no effect was seen, but on seven occa- 
sions similar doses produced a pressor response ranging from 5mm to 
17 mm Hg. The type of response bore no relation to size of dose, or to the 
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order in which different doses were given. No other rats tested showed this 
variability of response. In this animal the pressor response to vasopressin 
was constant throughout the experiment, a dose of 0-4 m-u. producing a 
rise of 10mm Hg in the blood pressure. There was the possibility that in 
the latter half of pregnancy both the uterus and its blood vessels became 
sufficiently sensitive to oxytocin to contract and force blood into the rest of 
the circulation, thereby raising the blood pressure. Therefore three rats 


were observed after opening the abdomen; but no sign of uterine activity . 


was visible on injecting up to 50 m-u. oxytocin. In one rat the effect of 
oxytocin was pressor both before and after ligature of the uterus and its 
blood vessels, thereby excluding the drug from the circulation. 


Taste 2. The blood-pressure responses of post-partum rats to oxytocin and vasopressin 
Oxytocin 


No. of rats showing 
A. Effective Vasopressin, 


post- no. of ‘No Pressor dose* effective dose* 
partum rats effect effect (m-u.) (m-u.) 
1 5 3 2 6-25 0-3-0-8 
2 3 2 l 25 0-4—1-2 
2 2: 0 1-0-2-0 
Normal average doses 
Dioestrus | 0-6 
Ocestrus 25 0-3 


* Asin Table 1. 


The responses of eleven rats in the first 4 days post-partum are shown 
_in Table 2. On the Ist day, between 5 and 24 hr after parturition, three 
rats showed no pressor response to oxytocin, while in two others the effects 
of similar doses of oxytocin were pressor. On the 2nd day, 24-48 hr after 
parturition, two rats showed no pressor response to oxytocin, while one 
did so. Of the three animals observed on the 3rd and 4th days post-partum 
none showed a rise in blood pressure after oxytocin. Some of the post- 


partum rats appeared to be particularly refractory to Pitressin (Table 2), 


and two or more times the usual (dioestrous) dose had to be injected to 
cause a 10 mm Hg rise in pressure. This effect was most apparent in those 
animals in which the effect of oxytocin had ceased to ‘be pressor, but the 
numbers are too limited for detailed analysis. 


Responses to other test substances 


In most animals the effects of acetylcholine and isoprenaline were also 
tested. Both substances caused depressor responses which did not vary 
in magnitude beyond normal limits at any time during pregnancy, or 
after parturition. i 
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DISCUSSION 
In the dioestrous rat oxytocin has little or no effect on the blood pres- 


sure (Lloyd, 1959) but, as has been shown above, in the second half of - 


pregnancy oxytocin raises the blood pressure, and the pressor activity of 
vasopressin is increased. These changes in response are similar to those 
found in non-pregnant rats during natural oestrus, or after the administra- 
tion of either stilboestrol or progesterone to rats with intact ovaries, or 
of both ovarian hormones to ovariectomized rats (Lloyd, 1959). The 
changed vascular response of late pregnancy cannot be ascribed to any 
alteration in the basal blood pressure level, since this did not differ from 


that of the non-pregnant rat. Nor can it have been due to contractions — 


of the uterus or its blood vessels. It has already been reported that the 


administration of ovarian hormones does not alter the vascular response 
of rats to acetylcholine (Lloyd, 1959) and now it has been shown that 


pregnancy, too, leaves the action of acetylcholine unchanged. Isoprenaline 
was also found to be consistently depressor both during pregnancy, as 
described above, and after treatment of non-pregnant rats with ovarian 
hormones (Lloyd, unpublished observations). Mackaness & Dodson (1957) 
found that pregnancy affected the response of rats to renin, in that the 
pressor effect decreased progressively from about the 10th day of preg- 
nancy, until at term the animals were almost totally refractory to it. 
On the other hand, Dodson (1957) showed that pregnancy did not modify 


the effect of hypertensin. Thus pregnancy does not alter the response to | 


all vaso-active substances, and the type of change occurring does not 
seem to be determined by the effect exerted in the dioestrous rat, since, 
for instance, vasopressin becomes more actively pressor, whereas the 
dilator effect of oxytocin is converted to a constrictor one. In view of the 
circumstances, either natural or artificial, in which the vascular responses 
are modified, it appears likely that the responsible factor is either a change 
in concentration or in ratio of oestrogens and progesterone, or a combina- 
tion of both alternatives. 

It has been shown by Beerstecher (1941) that the excretion of oestrogens 
increases uniformly during pregnancy in the rat. The excretion of proges- 
terone does not appear to have been studied in these animals, though it 
has been shown that in human beings progesterone output rises progres- 
sively until just before the onset of labour, when it falls (Bachman, 
Leekley & Hirschmann, 1940). However, results obtained in one species 
cannot necessarily be taken as applying to others. The findings in non- 
pregnant rats (Lloyd, 1959) showed that an excess of either oestrogen or 
progesterone, in the presence of the other member of the pair, can cause 
altered vascular meagre similar to those seen during the second half of 
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pregnancy. If the progesterone concentration falls before parturition 
in the rat, as in man, then the relative excess of oestrogen remaining 
could account for the persistence of the changed vascular responses, until 
such time (1-2 days post-partum) as the oestrogen concentration also 
falls. Judging by the present results and those of Mackaness & Dodson 
(1957), during pregnancy in the rat a critical change in the concentration 
or ratio of the hormones must develop on about the 9th or 10th days. 
It would be of interest to know whether the administration of ovarian 
hormones to non-pregnant rats would cause them to become, like pregnant 
rats, resistant to the pressor action of renin. 

How far gonadotrophins may be implicated in the results described 
is unknown, though in view of the time at which the change in response 
occurs it is of interest that the presence of the anterior pituitary is not 
necessary for the continuation of pregnancy in rats after the 11th day 
_ (Pencharz & Long, 1933), after which the placenta takes on a luteotrophic 
function (Astwood & Greep, 1938). However, in the rat, normal pregnancy 
is not maintained after ovariectomy (Marshall & Jolly, 1905), which sug- 

gests that the placenta does not play any major part in the supply of 
 ovarian-like hormones, though this may occur in other species. A further 
series of experiments is needed to decide the relative importance of 
pituitary and ovary for the development of the change in vascular re- 
sponses described in this paper. 


SUMMARY 


1. The blood-pressure responses of rats to oxytocin, vasopressin, acetyl- 
choline and isoprenaline were studied during pregnancy and the puerperium. 

2. During the first half of pregnancy oxytocin was without effect on 
the blood pressure; the effect of vasopressin was pressor. 

3. During the second half of pregnancy oxytocin had a pressor action, 
and this increased as pregnancy progressed. Vasopressin had a greater than 
normal pressor action during this time. 

_ 4. A pressor response to oxytocin was seen in some rats on the first 
_and second days post-partum. By the third and fourth days oxytocin 
_ was always without effect on the blood pressure. 

5. The depressor responses to acetylcholine and isoprenaline showed 

no such variations. — 
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THE AXIAL DRIFT OF THE RED CELLS WHEN 
BLOOD FLOWS IN A NARROW TUBE 


By L. E. BAYLISS | 
From the Department of Physiology, University College London 


(Received 31 July 1959) 


Many observers have noticed that when the blood vessels of a living animal— 
particularly the small arterioles—are viewed under a microscope, the red 
cells appear to be confined to an axial stream which is surrounded by a marginal 
sheath consisting of plasma only. As has been pointed out by Thoma (1910, 
1927), if such an axial accumulation of the red cells occurs, and if its magnitude 
_ increases with increase in the rate of flow of the blood, it would be accompanied 
by a progressive decrease in the apparent viscosity of the blood. This decrease 
is, in fact, regularly observed; but there is no definite evidence that it results 
from the formation of an axial stream of the red cells. 

The evidence for the existence of an axial movement of the red cells (and of 
other kinds of suspended particle) and for the formation of an axial stream, 
has been reviewed in an earlier paper (Bayliss, 1952); although suggestive, it 
was not considered conclusive. The most direct method of studying the 
problem, obviously, is to measure the actual distribution of red cells within 
the lumen of a tube while the blood is made to flow at any desired rate. This 
has been done by Taylor & Robertson (1954) and Taylor (1955), and the results 
indicate that a marginal zone, or sheath, does indeed seem to be established : 
but the results were not correlated with measurements of the apparent vis- 
cosity on the same samples of blood in comparable conditions of shear. 
Further measurements have therefore been made of the effect of shear on the 
distribution of red cells near the wall of a capillary glass tube, using a method 
somewhat different from that used by Taylor (1955): and these have been 
followed immediately by measurement of the pressure-flow relation of the 
same sample of blood. 

Consider a tube of any given radius and length, and let there be a pressure 
difference P between its ends. Then Q,, the rate of flow through it of any fluid 
which has no anomalous flow properties, such as plasma or serum for example, 
- be given by 

Q, = G,.P, (1) 
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where G, may be defined as the ‘conductance’ of the system with respect to 
plasma (or serum), and measured experimentally as the slope of the straight 


_. line relating the rate of flow to the applied pressure. 


Suppose that when blood flows through the tube considered, of radius a, 
there is an axial core or stream, of radius ya, which has a viscosity, relative to 
that of the serum, of 7,,,; and that the peripheral or marginal sheath surrounding 
it has a smaller relative viscosity, n,,. Then, as has been shown by several 
previous investigators (see Bayliss, 1952), the rate of flow of blood, ~cerlan ; 


be given by 


n* being the observed apparent relative viscosity of the blood in any given 
of flow. 

The value of 7*, as diuietek by the ratio P/Q,, is known to fall gradually 
as the values of P and Q, become greater. According to the hypothesis which 
is to be tested, this results from an increase in the width of the marginal sheath, 
the quantity y being an inverse function of Q, (or P), the value of »,, being 
sensibly independent of Q, and P. When Q, and P are very small, the width 
of the marginal zone will shrink, in the limit, to a value set by the “wall effect’: 
in a subsequent paper (Bayliss, 1960) evidence will be discussed which suggests 
that this will not be greater than 1-5u. Thus from the observed value of the 
ratio P/Q, when both are very small, in a tube of known radius, it is possible 
to estimate the value of 7,,: in the samples of blood used for the observations 
to be described later, this was of the order of 10. In the limiting and idealized 
case, the marginal zone will contain no red cells, so that n,, = 1. It is implicit 
in the hypothesis to be tested that y,, is sensibly constant, and the ratio 
Nshl Neo May thus be neglected in comparison with unity, even when P and Q, 
are large. The radius of the axial core, and the width of the marginal sheath 
(assumed cell-free); at some measured values of P and Q, may thus be deduced 
_ from the simple relation 

(3) 


If the hypothesis is correct, a cell-free marginal zone should be observed whose 
width is equal to that calculated from equation (3). 

_ If the marginal zone is not assumed to be free from red cells, its width, for 
any given value of the observed pressure: flow ratio, may be calculated from 
equation (2), provided that the value of ,, is known: it will, however, always 
be greater than that of the limiting cell-free zone deduced from the same value 
of the observed pressure: flow ratio. Thus if a marginal zone is observed which 


contains red cells, and its width is equal to, or less than, that of the cell-free _ 


zone deduced from the pressure: flow ratio, then the observations are incon- 


* 


sistent with the hypothesis that the fall in apparent viscosity is due only to an 
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axial movement of the red cells and a decrease in the radius of the axial core: 
the value of y,, must be assumed to fall as Q, and P become greater. If the 
width of the observed zone is greater than that of the calculated cell-free 
zone, the question cannot be decided unless an estimate is made of the 
viscosity of this zone. 


The wall effect. No particle of a suspension can penetrate into the wall of the vessel which 
contains it. Close to the boundary between the suspension and the wall there will be a zone 
which is relatively deficient in suspended material, since all the particles whose centres would 
have been either within the wall, or in the suspension up to a distance from the boundary equal 
to their radius, will be absent. This zone will extend into the suspension for a distance comparable 
with the dimensions of the particles, and its effect on the flow of suspensions has been studied by 
Vand (19482, b): the effect can be expressed in terms of the width of an equivalent zone free from 

METHODS 
The capillary tube was drawn from a larger tube of suitable size: it was left attached to the larger 
tube at one end, and cut to a suitable length, some 400 times the radius—e.g. 4 cm for a tube of 
radius 100. A small glass cell was made by cementing strips of glass to a portion of & microscope 
slide about 2 em long; these formed walls some 2 mm high on three sides, the fourth being open. 
A cover-slip was placed on top of the cell, sealed to the walls by grease, and a small quantity of 
blood (or other fluid) was run in from a capillary pipette. The capillary, mounted horizontally, 
entered the cell through the open end, the tip being immersed in the blood. About midway along 
its length it passed through a second similar cell, open on two opposite sides, about 1 mm deep, 
and filled with liquid paraffin. The cells and the capilllary were mounted on the stage of a micro- 
scope, so that the portion of the capillary which was surrounded by liquid paraffin was under the 
objective. The cell containing the blood could be withdrawn, and its contents replaced, without 
disturbing the capillary or the.optical system. 

The optical system consisted of a Zeiss 8 mm cbiective, n.A. 0-65, with a x 18 eyepiece, giving a | 
total magnification of 540 diameters. In a few sets of observations, a dry substage condenser of 
N.A. 1-0 was used: but in most sets of observations this was replaced by an oil-immersion condenser 
of x.a. 1-30, which was found to give somewhat better illumination. The light source was a 6 V 
24 W automobile head-lamp bulb, supplied from a stabilized source of power, behind an additional 
wide-aperture condensing lens, so that an approximately parallel beam of light entered and fiiled 
the substage condenser; a heat-absorbing filter, consisting of a trough filled with dilute copper 
. sulphate solution, was placed between the lamp and this lens. The position of the condenser was 
ordinarily adjusted so that an image of the lamp filament was formed just beyond the horizontal 
cross-section of the tube on which the objective was focused. 3 

The magnified image of the capillary tube was photographed on Ilford Soft Ordinary plates, 
a Wratten filter no. 76 (deep violet) being placed between the auxillary condensing lens and the 
substage condenser. After correcting for the variation in sensitivity of the emulsion with wave- 
length, the maximum sensitivity was at 0-444, ranging from about 0-42 to.0-47,, i.e. just on the 
long-wave side of the peak of the Soret band of haemoglobin. In some experiments, the violet 
filter was replaced by a blue filter (Wratten no. 75) for reasons which will be discussed later. 
Special masks were constructed for the plate-holders, and the camera was arranged so that it 
could be moved in a direction at right angles to the long axis of the capillary tube: four exposures 
could thus be made on one plate (4-5 x 6 cm) in rapid succession without altering the adjustment 
of the optical system. After development, fixing and drying, the optical density of the plate was 
measured at intervals of 0-5 or 1 mm by means of a simple photo-electric densitometer, the plate 
being illuminated through a slit 0-4 mm wide and 23 mm long, with which it was in contact, and 
adjusted to be accurately parallel with the long axis of the image of the capillary tube. The 
density could be measured to within +-0-005, and the values were reproducible, within the same 
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limits, except in parts where the density was changing rapidly with distance along the plate: 
repeated measurements at one point then differed occasionally by as much as 0-04, as a result, 
chiefly, of small errors in adjusting the position of the plate with respect to the illuminating slit. 

The blood was made to flow through the capillary by applying air pressure, greater or less than 
atmospheric, to the end of the larger tube (or ‘shank’ of the capillary). The air was derived from 
a pair of reservoirs partly filled with mercury, one of which was mounted on an adjustable stand, 
so that it could be raised and lowered, fine adjustment being made by means of a screw provided 
with a micrometer head; the applied pressure was read from a scale attached to the adjustable 
stand. (Strictly, a correction should be made for the compression of the volume of air between the 
mercury and the blood, and the consequent flow of mercury from one reservoir to the other; this 
correction, however, is proportional to the applied pressure, and was neglected, relative measure- 
ments only being required.) Fiducial marks, a known distance apart, were made on the mounting 
beneath the shank of the capillary tube, providing one ‘standard’ volume: and the shank was 
observed by means of a low-power microscope, with a calibrated micrometer eyepiece, providing 
a much smaller second ‘standard’ volume. Again, since relative values only were of interest, the 
absolute values of these volumes need not be known. Several capillary tubes, of different sizes, 
were used, the smallest having a radius of 34, and the largest a radius of 150; most of the obser- 
vations were made on capillaries with radii of about 100y. They were slightly tapered, and cut 
off square at one end, but bell-mouthed at the other, and so were not strictly symmetrical. All 
determinations of the pressure-flow relation, however, (and some photographic observations) 
were made with the blood flowing alternately in and out of the shank of the capillary. The 
_ apparatus used was not capable of giving very accurate values of viscosity at very low pressures 
and rates of flow: but it was capable of providing sufficiently accurate values for calculating the 
width of the hypothetical cell-free marginal zone, to be expected from equations (1) and (3). 

Dog’s defibrinated blood was used (except in three sets of observations, the results of which will 
be discussed separately); the blood was filtered through Whatman’s no. 30 paper. The photo- 
graphic observations were completed in so short a time that no detectable settling of the red 
cells occurred. On a few occasions some settling occurred during the measurement of the pres- 
sure-flow curve; the blood was then removed from the reservoir cell and replaced by a fresh 
sample. 

ACCURACY OF THE METHODS 

The object of the experimental procedures was to discover whaths changes in 
the rate of flow of blood through the tube were associated with changes in the 
red cell concentration in an annular zone close to the wall of the tube; and if 
_ 80, to estimate the actual cell concentration in this zone at any given rate of 
flow. The red cell concentration was estimated in terms of the extinction 
coefficient of the blood in the region observed: and this, in turn, was estimated 
in terms of the optical density of the photographic emulsion. There are many 
reasons why changes in the density of the emulsion may not accurately 
represent changes in the red cell concentration. 

If a photographic emulsion is exposed for a time ¢ to light of intensity J, 
and subsequently developed, the resulting optical density D is defined, within 


certain limits, by the ‘characteristic equation’: 

‘where / is the ‘inertia’, p is the ‘ Schwarzachila sail and y is a constant 
which, for any given kind of emulsion, depends on the nature and duration of 
development. Thus if two parts of a given photographic emulsion are exposed, 
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for the same time, to lights of intensity J, and I, and both parts receive the 
same development, we shall have 


D.—D, = (logo - —logyy-Z,). (4) 
This relation may be applied, also, with somewhat less confidence, to the 
densities of two different plates, of the same kind, given exposures of the same 
duration and identical development. 


One of the major sources of error in photographic photometry arises from the fact that it is not 
at all easy, in practice, to ensure identical development of two different plates, or even absolutely 
uniform development over the whole surface of a single plate (see, for example, Dobson, Griffith & 
Harrison, 1926); the regions of the emulsion close to the edges of the plate are likely to receive 


greater development, and thus to become denser, than those in the middle of the plate. Various . 
_ special methods of development have been devised for overcoming this difficulty; none of these 


was used in the present work, but the errors were reduced ty deliberate over-development, with 
continuous and irregular agitation of the dish. Control exposures showed that there was no reason 
to suppose that uneven development was likely to cause.significant error. 

If light of intensity 7, enters an absorbing material of thickness z, it will 
emerge with an intensity J, given by wt 3 

logig (Lo/Zz) = 

where ¢ is the extinction coefficient of the material. We thus have, trom 
(4) above: 

D,—D, = 
(It is to be remembered that here, and throughout this paper, the term 
‘density’ refers to the emulsion of the photographic record, and not to the 
absorbing material itself.) In ideal conditions y will be constant over the range 
of densities considered, so that, for a given value of x, changes in the density 


of the photographic emulsion will be directly proportional to changes in the 


extinction coefficient, and thus, for a solution, to the concentration of the 
absorbing substance. This relation, however, will hold only when the ‘ex- 
posure’ (the product J .t”) lies within certain limits. If the emulsion is ‘over- 
exposed’, its density will be less than that expected from the characteristic 


equation: and if it is ‘under-exposed’, the density will be greater. Changes in 
. the density will still indicate changes in the extinction coefficient of the 
material, but the ‘sensitivity’ will be smaller, and will not be independent of 
the actual value of the density. — 


The changes in density were derived from measurements on two successive 
photographic records. It was assumed that the thickness, 2, of fluid traversed 
by the light was the same in both when the point (or more strictly, narrow 
region) observed was at the same distance from the boundary between the 
fluid in the tube and the glass wall. When measuring the density of the photo- 
graphic emulsion, the position of the plate with respect to the illuminating 
slit, and thus of the region measured, was initially defined in terms of the 
distance from one edge: the position of the boundary between the fluid in the 
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lumen of the tube and the glass wall was determined subsequently. The plot 
of optical density against distance from one edge of the plate showed no sharp 
discontinuity at the wall of the tube, partly owing to imperfect resolution of 
the optical system, but also owing to the fact that when measuring the densities 
the plate had to be illuminated through a slit of finite width. The maximum 
rate of change of density, also, did not necessarily occur precisely at the 
position of the boundary of the tube. Before making the exposures the focus 
of the substage condenser was adjusted so as to be well away from the opti- 
mum position: little or no light then passed through the tube close to the 
wall, and the microscope could be accurately focused on the edge of the dark 
shadow which defined the boundary of the lumen. This edge was adjusted to 
lie on a fiducial mark on the focusing screen; and the focus and alignment of 
the substage condenser were then adjusted so as to obtain, as far as could be 
judged, the best illumination of the extreme marginal region of the lumen of 
the tube. The distance from the fiducial mark of the apparent boundary of 
the lumen was then measured with dividers. The resulting uncertainty as to 


the exact position of the boundary of the tube amounted at times to about — 


+0-3 mm on the plate, or, in most experiments, to about + 0-5, in the tube. 
The position of the apparent boundary of the lumen depended on the position 
_of the capillary tube with respect to the alignment and focus both of the 
substage condenser and of the microscope objective: it was thus essential to 
ensure that no changes occurred between successive exposures. 


In Fig. 1 are plotted the densities of the photographic records, as measured, | 


at various distances from the estimated position of the wall of the tube, the 
radius of which was 37 (20 mm on the plate). These illustrate the anomalous 
effects which were observed within some 5-10u from the wall, and which 
result from the fact that the refractive index of the glass wall was greater than 
that of the fluid within the lumen. 

All the rays from the substage condenser which are ‘nblined to the normal at 
the boundary between the wall of the tube and the fluid within it by more than 
the critical angle will undergo total internal reflexion and will not enter 
- the lumen, as is indicated in the right-hand part of Fig. 2. At the extreme 
margin of the lumen, as seen in the microscope, only a small fraction of all 
these rays will be directed inwards, towards the axis of the capillary tube, at 
an angle greater than the complement of the critical angle, and so will pass 


through the lumen. As the region of the tube observed is moved towards — 
the axis, a progressively greater fraction of the rays from the condenser will © 


enter the fluid, and the intensity of illumination will become greater. This 
effect will be constant so long as the focus and alignment of the substage 
condenser, and the refractive index of the fluid within the lumen, remain 


unchanged. It should not, therefore, invalidate conclusions drawn from the © 


differences in optical density at corresponding points when the tube contains 
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a given fluid, e.g. blood, moving with different velocities, provided that the 
greater part of the light reaching the photographic plate has passed through 
the lumen of the tube; a condition which, in fact, is not satisfied when the 
region observed is within some 2-5y from the wall. Even if the intensity of 
any additional reflected or scattered light were the same in all conditions, its 
effect would not vanish when the densities of the photographic emulsions were 
subtracted, since the density of the emulsion depends on the logarithm of the 
intensity of light falling on it. 


0:7 


Density of photographic emulsion 


Distance from wall of tube (mm on plate) 


Fig. 1. Densities of photographic emulsions, as measured, plotted against the distance on the 
plate from the estimated position of the boundary between the wall and the lumen of the 
tube. Radius of capillary 37; relative cell volume of blood 0-39. Upper graph (filled 
circles), tube filled with haemolysed blood; middle graph (open circles), tube filled with 
a sample of the same blood before haemolysis; lower graph, tube filled with serum. 


The rays of light passing from any point within the lumen towards the 
microscope objective will be refracted at the boundary between the fluid and 
the wall of the tube. As is indicated in the left-hand part of Fig. 2, the apparent 
position of a given region within the tube will not be identical with the actual 
tegion through which the light has passed, but will be shifted towards the axis 
of the tube. In the image of the lumen of the tube formed by the microscope, — 

there will be a region, close to the outer edge of the image, which will receive 
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little or no light from the interior of the tube. The inner margin of this region 
will be, roughly, the apparent position of the boundary of the lumen: but it 
cannot be assumed that changes in the density of the photographic emulsion 
in this region will represent accurately changes in the transmittance of the 
fluid close to the wall of the tube. 

These two effects account for the presence of the ‘hump’ in thedensity records 
between 2 and 3 mm from the wall of the tube (as measured on the plate), and 
for the fact, brought out more clearly in Fig. 4, that the density difference 
(serum—blood) remains sensibly constant for some 2 mm (3 or 4 in the tube) 


from the wall. It is clear, therefore, that no reliable quantitative estimates of | 


changes in cell concentration can be made within some 5-10y of the wall of 
the tube. 


Substage condenser 


Microscope objective 


Axis of microscope 


Fig. 2. Simplified diagram illustrating the effects of refraction at the boundary between the glass 


wall of the capillary tube and the fluid within the lumen. Part of the capillary is shown in 
cross-section, in the plane of the axis of the microscope. The refractive indices of the glass 
and the fluid are assumed to be 1-51 and 1-35 respectively. 

On the right, three rays from the substage condenser, A, B and C, are inclined to the 
normal at the boundary between the wall and the lumen at the critical angle, and just under- 
go total internal reflexion. Only rays which are directed inwards, towards the axis of the 
tube, with an inclination greater than that of the rays shown, will enter the fluid. If the 
incident light is parallel (ray C) the marginal regions of the lumen will receive no light. 

On the left, light leaving two arbitrary points, 1 and 2, on a diameter of the tube perpen- 
dicular to the axis of the microscope, is refracted at the boundary between the lumen and 
the wall, and appears to come approximately from points 1’ and 2’: in order to avoid con- 


fusion, only ass central rays of the cone of light accepted od the microscope objective are 
mown. 


The dip in the density records at about 1 mm from the wall, on the plate. 
shown in Fig. 1, indicates that more light was received on the photographic 
_ Plate, apparently from regions very close to the wall of the tube, than from 
“regions further within the lumen. This resulted from the presence of light 


reflected from the interface between the wall and the lumen, just above the 


horizontal plane on which the objective was focused, without entering the 
lumen; and from the presence of scattered light. This dip in the record obtained 
with normal blood might be thought to indicate the presence of a cell-free 
“Marginal zone; that it is an artifact is demonstrated by its presence, equally, 
in the records obtained with haemolysed blood and with serum. 
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The density of the records obtained with blood (normal and haemolysed) 
was smaller than that of the records obtained with serum even outside the 
- Jumen of the tube, as is indicated in Fig. 1. This difference depended on the - 
setting of the substage condenser, and is unusually large in the records given 
in Fig. 1. It indicates that a considerable fraction of the light reaching the 
photographic plate must presumably have been scattered outwards from 
regions further within the tube. 


RESULTS 


Preliminary experiments showed that, in dog’s defibrinated blood, the changes 
- in optical density when the blood was made to flow rapidly were small, and 
the effects not easily detected. In Taylor’s (1955) series of measurements the 
marginal zone was-more prominent in dilute suspensions of red cells than in 
more concentrated suspensions: accordingly, most of the present series of 
_ observations were made on bloods which had relative cell volumes of 0-3-0-4, 

the blood as obtained from the animal being diluted if necessary by adding a 
- suitable proportion of serum obtained from the same sample of blood. For 
the same reasons, the effect of changing the rate of flow on the optical density 
of the blood within the capillary tube was investigated in two extreme condi- 
tions only: (a) under the maximum head of pressure that could be used (the 
- duration of exposure was ordinarily 30 sec, and the shank of the capillary had 
to fill or empty in this time); and (b) under just sufficient head of pressure to 
produce a detectable flow, such that individual red cells could be seen moving 
slowly along the tube. (In some samples of blood the cells agglutinated to 
some extent, and were not always distributed uniformly along the tube 
when the blood came to rest: in one experiment the flow was inadvertently 
allowed to cease during the exposure of the photographic plate; and the 
results, when analysed, showed a very substantial marginal zone, almost. 
free from red cells, owing to the fact that clumps of cells happened to have 
come to rest on each side of the short length of tube under observation.) The 
pressure used to produce the ‘fast’ flow was some 10 times the value of the 
extrapolated intercept of the asymptotic pressure—flow line on the axis of 
pressure, and the apparent viscosity was only slightly greater than its asymp- 
totic value: the pressure used to produce the ‘slow’ flow was about 1/10 of 
_ the ‘intercept pressure’. 

Out of thirty-two sets of observations on ela samples of blood, 
increasing the rate of flow from ‘slow’ to ‘fast’ was accompanied in eighteen 
by no detectable change in the optical density of the marginal region of the 
record. This apparent absence of axial movement of the cells was observed in 
all eleven sets of observations made with the smallest tubes, which had radii of 
about 354: but in many of these a cell-free marginal zone, even of the maxi- 
mum width deduced from the pressure-flow line, might not have been detected 
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owing to the impossibility of making adequate measurements close to the wall 
of the tube. Excluding these, therefore, in fourteen sets of observations out of 
twenty-one, increasing the rate of flow was accompanied by an apparent 
decrease in the cell concentration of the marginal zone, the density of the 
photographic emulsion increasing by an amount which varied from 0-02, the 
smallest amount to which significance could be attached, to 0-09, the largest 
value observed. In three of the remaining seven sets of observations the 
changes in density were definitely less than 0-02; in four, technical imper- 
fections may have obscured changes which were less than 0-05. Possible 
effects of unequal exposure of the successive records were eliminated by sub- 
tracting any changes in density observed at, and just outside, the boundary of 
the lumen from the density changes observed within the lumen. Examples of 
the changes in optical density which accompanied changes in the rate of flow 
from ‘slow’ to ‘fast’ are given in Fig. 3: Fig. 3a shows the greatest effect 
observed, and in Fig. 3¢ the changes in optical density are not significant. There 
was no indication that the magnitude of the change in optical density in the 
marginal zone was related to the curvature, or asymptotic slope, of the line 
relating the applied pressure to the rate of flow, as measured on the same 
sample of blood immediately after the photographic observations had been 
completed. The absence of an obvious marginal zone was not associated with 
the absence of obvious anomalous flow-properties of the blood. 

The duration of the exposure of the photographic record was adjusted so 
that the density of the emulsion in the region where the changes occurred was 
about 0-8-1-0, within the linear part of the characteristic curve. In a photo- 
graph of the same tube, filled with serum instead of blood, with the same 
conditions of illumination and the same duration of exposure, the density of 
_ the emulsion in this region was some 0-3-0-5 greater. If there had been a 
marginal zone from which the red cells were completely absent, the change in 
optical density should, therefore, have been some 5-10 times greater than that 
observed. Even when the rate of flow, and shearing stress, were increased until 
the apparent viscosity was close to the asymptotic value, the increase in 
_ optical density was very much smaller than that which would be produced by 
the development of a cell-free marginal zone. The results of an experiment in 
which the change in optical density was well marked are plotted in Fig. 4; 
the density differences (serum-blood), observed during ‘slow’ and ‘fast’ 
flows being plotted against the apparent distance of the region observed from 
the wall of the tube. It is clear that at all points within the tube at which 
there was a detectable absorption of light by red cells during ‘slow’ flow, 


there was also a detectable absorption during ‘fast’ flow, and the marginal 


zone did not become cell-free. 


In Fig. 3 the solid vertical line in each record indicates the position of the 
outer margin of the axial core, calculated from the observed apparent viscosity 
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on the assumption that the marginal zone contains no red cells, and that the 
viscosity of the axial core was independent of the shearing stress. In all but 
four of the twenty-one experiments performed with the larger tubes (with radii 
between 68 and 150), two of which are plotted in Fig. 3a and b, the width of 
the observed zone of increased optical density (if present at all) was less than 
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Fig. 3. ‘Fast’—‘slow’ density differences. The density of the emulsion at a given distance from the 
wall in a photograph of the capillary tube containing blood flowing rapidly has been sub- 
tracted from that, at the same distance from the wall, in a photograph of the tube containing 
the same blood nearly at rest. Thick lines: in violet light. Thin lines: in blue light. 

For c the photographs were taken with a dry condenser N.A. 1-0: for the remainder an oil- 
immersion condenser N.A. 1-30 was used. 
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_ that of the calculated cell-free marginal zone. Owing to the effects of refrac- 
tion, as was pointed out in the previous section, the region of the change in 
optical density, as seen on the photographic plate, will be shifted towards the 
axis from its true position in the tube. In Fig. 3 the broken vertical line in 
each record indicates the distance from the estimated position of the wall of 


the tube at which the density difference (serum—blood) starts to increase | 


Density difference (serum-blood) 
o 


4 
4 4 
03 
0-2 
04 


0 5 10 
Distance from wall of tube ( 1) 


Fig. 4. Difference in density of photographic emulsion (serum)-(blood)—i.e. density attributable 
to red cells—as observed at ‘slow’ rates of flow (S, thick lines) and at ‘fast’ rates of flow 
(F, thin lines), plotted against the distance of the region observed from the boundary of the 
lumen of the tube; positive values, within the lumen; negative values outside the lumen, 
within the glass wall. Upper pair of lines, with violet filter (Wratten 76); lower pair of lines, 
with blue filter (Wratten 75). In order to avoid confusion, the density differences observed 
with the violet filter have all been increased by 0-1, and those observed with the blue filter 
have all been decreased by 0-1. . 3 


significantly with distance from the wall (compare Fig. 4). If we assume that 
this also represents roughly the apparent position of the wall of the tube, then 
all the points plotted in Fig. 3 should be shifted to the left by about the 
distance of the broken line from the estimated true position of the wall. If 
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this correction is made, in only one experiment (that illustrated in Fig. 3a) 
is there a definite and significant change in optical density extending into 
the tube beyond the border of the calculated cell-free marginal sheath. In this 
experiment, therefore, but in none of the twenty others, it is possible that the 
viscosity of the blood was independent of the shearing stress, and that the 
reduction in the apparent viscosity was due solely to the development of a 
marginal sheath, which contained some red cells, and of correspondingly 


greater width than that of the calculated cell-free sheath. No exact calcu- 


lations can be made, but approximate calculations make it unlikely, however, 
that this was so. We may conclude that the observed increase in optical 
density of the photographic emulsion, if interpreted as indicating a reduction 
of the cell concentration of the blood, was neither large enough nor extended 
over a sufficient width of the tube, to account for the decrease in apparent 


_ viscosity with increase in the rate of flow. 


The observed marginal sheath is divided into successive annuli. The reduction in cell concen- 
tration in each annulus, when the blood is sheared, is assumed to be proportional to the increase 
in the (serum—blood) density difference—i.e. the difference between the density of the emulsion 
in a photograph of the tube containing serum and that in a photograph of the tube containing 
blood. In order to allow for the unreliability of the photometric observations close to the wall of 
the tube the apparent position of the wall is assumed to be at 3z from the true position, as plotted 


. in Fig. 3a, and the first annulus, 1 wide, is assumed to have zero cell concentration. At the 


lowest points plotted, between 8 and 11,, the cell concentration is deduced to be about 3/4 of 
that in the unsheared blood. The viscosity of the blood in each annulus is deduced from the red 
cell concentration by means of the Einstein linear equation (which will give a minimum value), 
and the apparent viscosity of the whole system may be calculated approximately by means of 
equations (1) and (2). With these rather generous assumptions, it is then deduced that the whole 
reduction in apparent viscosity might have been due to the formation of the marginal sheath. 
This method of calculation, however, has implications which make it unlikely to be sound. The 
viscosity of the axial core, calculated from the apparent viscosity observed at very small rates of 
flow, as already described, was not less than 7: from the Einstein linear equation, the viscosity of 
blood of the same relative cell volume would be 1-80. Unless, therefore, the viscosity of the blood 
at any point in the tube depends on the shearing stress at that point, the viscosity of the marginal 
sheath must have been substantially greater than that calculated. But if we admit that the 
viscosity is shear-dependent, we must, of necessity, abandon the hypothesis that the decrease in 
apparent viscosity with increase in the rate of flow is due solely to the formation of a marginal 
sheath. 


_ Afew observations were made at.a ‘moderate’ rate of flow, theapplied pressure 
being about twice the value of the ‘intercept pressure’; the intention being to 
investigate whether the width of the marginal zone, deficient in red cells, 
increased progressively with increase in the applied pressure. In view of the 
smallness of the effects observed, even at ‘fast’ flows, it soon became apparent 
that it was unlikely that any definite conclusion could be reached: out of the 
nine sets of observations which were made, in four no definite change in optical 
density was observed either at ‘fast’ or at ‘moderate’ rates of flow; in four 
a change in density was observed at the ‘fast’ flow but either none, or a much 
39-2 
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smaller change, at the ‘moderate’ flow; and in one the change in density was 
sensibly the same in both conditions. These observations, therefore, may be 
considered to confirm those of Taylor (1955), who found that the marginal 
zone continues to develop progressively as the applied pressure and rate 
of flow increase, up to the values at which asymptotic conditions are 
reached. : 

These small and irregular changes in optical density seem to indicate that 
some axial drift of the red cells occurs. It is possible, however, that they may 


result, at least in part, from an orientation of the cells. One of the lines of 


evidence which indicate that the red cells become orientated when blood is 
" subjected to a shearing stress is the increase in the amount of light which is 
scattered preferentially in a direction perpendicular to the direction of flow. 
(The increase in surface brightness, observed by reflected light, when blood is 
made to flow in a tube, is readily observed.) When blood is sheared, also, there 
may, in suitable conditions of illumination, be a change in the fraction of the 
light which is transmitted. Taylor (1955), for example, observed that when 
blood was made to flow rapidly through the tube, there was a decrease in 
optical density in a region near the middle of the tube, which was distinct 
from the marginal region of reduced density, and separate from it. If there 


had been a transfer of cells from the marginal zone to the axial core, the ~ 


density of the blood as observed near the middle of the tube—i.e. almost 
diametrically across it—should have increased. The reduction in density, 
therefore, was ascribed to a reduction in the loss of light by scattering, con- 
sequent on the orientation of the red cells. In the present series of observa- 
tions, when the larger tubes were used, of about the same radius as those used 
by Taylor, only the marginal zone could be observed. But in six out of the 
eleven observations made with very small tubes the optical density of the 
blood near the middle of the tube was found to be smaller during ‘fast’ flow 
than during ‘slow’ flow, which confirms Taylor’s observations. In one pair of 
observations the density became greater in the middle of the tube, and in the 
remaining four, two of which were not technically satisfactory, there was no 
detectable change. 


The change in the transmission of light which occurs when blood is sheared was found by Wever 


(1954) to remain unchanged when the red cells were made spherical by the addition of lecithin in 


suitable concentration. When the dog’s blood was used, the transmittance increased with increase 
in the rate of flow; when ox blood was used, it decreased. The effect was ascribed to the formation 
of a marginal zone from which the red cells were absent, and a consequent increase in the packing 
of the cells in the centre of the stream. The calculated thickness of the marginal zone reached an 
asymptotic value of some 40, as the rate of flow was increased: this value was independent of the 
thickness of the observation chamber (between 0-3 and 1-5 mm). In so far as these conclusions 
can be applied to the flow of blood in a tube of circular cross-section, as well as to that in a flat 
parallel-sided chamber, they are inconsistent with the fact that the apparent asymptotic viscosity 
is independent of the radius of the tube when this is greater than about 0-1 mm. It would appear, 
also, from the data given by Wever, and the method of calculation used, that if the depth of the 
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observation chamber is less than about 0-2 mm, the development of a marginal cell-free zone 
should lead to a decrease in transmittance of dog’s blood, contrary to all but one of the results of 
the present series of experiments, and to those of Taylor on suspensions of human red cells, 


The possibility must be considered, therefore, that the observed reduction 
in optical density of the blood in the marginal zone might also result from an 
orientation of the red cells. It was hoped that by comparing the results 
obtained in violet light with those obtained in blue light, of slightly longer 
wave-length, some information might be obtained which would indicate which 
of the effects was the more important. A Wratten filter no. 75 was used in 
place of the violet filter no. 76, the maximum sensitivity of the emulsion being 
estimated to be at 0-47, ranging from about 0-45 to 0-50u. Control obser- 
vations showed that the extinction coefficient of haemolysed blood was some 
_ 24 times greater in the violet light than it was in the blue light. At first sight, 
then, it might be expected that any effects due to changes in the cell concen- 
tration would be greater in the violet light than in the blue light, whereas 
. those due to orientation of the cells would be sensibly the same in both lights. 

The matter, however, is not so simple as this. In Fig. 4 are plotted curves 
showing the density difference due to the red cells at different distances from 
the wall of the tube, in both violet and blue lights. It is clear that in the 
conditions of these observations the contribution of the cells to the total 
density is much the same in blue light as in violet light (in some experiments 
the density difference was actually greater in blue light than in violet light). 
It was observed also, that the extinction coefficient of normal blood, observed 
in the capillary tube in violet light, is only slightly greater (about 10%) than 
that of the same blood after haemolysis: the loss of light due to scattering 
by the cells, which is marked in blue light, appears to be absent in violet light. 
_ (This may be seen in Fig. 1.) Some effect of this kind is to be expected, but 
not necessarily of so great a magnitude. It can be shown, both theoretically 
and experimentally, that in a suspension, the loss of light by scattering and 
the loss of light by absorption in a pigment within the particles are not neces- 
sarily, or indeed usually, independent of one another. In certain circumstances 
the transmittance in light of a wave-length which is strongly absorbed by a 
pigment within the particles may actually be greater than that in light which 
is less strongly absorbed: part of the absorption in a suspension of transparent 
particles with a refractive index greater than that of the suspending fluid may 
__ be due to destructive interference between light which has passed through the 
- particles and light which has been diffracted round them. In these circum- 
. stances, the transmittance of the suspension is likely to depend on whether 
the incoming light is diffused or parallel.. As has been shown by Lothian & 
Lewis (1956), for example, the optical density of orientated red cells, when 
viewed in violet light with a wave-length close to that of the Soret band 
of haemoglobin, depends on the fraction of the scattered light which is 
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received by the observing instrument: in the extreme case in which no scattered 
light is received the absorption band may be inverted, a suspension of red 
cells being more transparent to violet light than to, say, blue light with a wave- 
length which is not strongly absorbed by haemoglobin; and more transparent 
to violet light than is the solution formed by haemolysing the cells. Contrary 
to simple expectation, therefore, if there is an axial drift of the cells, the 
reduction in optical density will be sensibly the same in blue light as in violet 
light. If the cells in the neighbourhood of the wall of the tube become 
orientated, on the other hand, the amount of scattered light which reaches 
the microscope may change; the optical density in violet light may then be 
affected more than that in blue light. In other words, if the optical effects 
produced by shear are not the same when observed in violet and blue lights, it 
is to be inferred that orientation is more likely than axial drift. 


Observations were made with both blue and violet light in seventeen experi- 


ments on thirteen samples of blood. In all but two of these the changes in 
optical density accompanying changes in rate of flow from ‘slow’ to ‘fast’ 
were sensibly the same in the two different lights; in four experiments there 
was no certain change in either light. In one of the remaining two the reduction 
in density did not extend so close to the wall in blue light as in violet light 


(Fig. 3a); in the other the reduction in density was localized to the same narrow | 


region in both lights (as in Fig. 3b) but appeared to be slightly, but significantly, 
smaller in blue light than in violet light. (The differences shown in Fig. 3) 
are not considered significant.) The changes in optical density appear to be 
due chiefly to changes in the red cell concentration, but orientation effects are 
not definitely excluded. 


DISCUSSION 


The changes in optical density of the blood in the marginal regions of the tube 
with changes in the rate of flow, as observed in this series of experiments, are 
on the whole similar to those recorded by Taylor (1955) in comparable condi- 
tions of relative cell volume (0-3-0-4) and of applied shearing stress (about 
100 dyne.cm~ at the wall of the tube, Taylor’s observations being made at 
80 and 240 dyne.cm~*); they are, however, definitely smaller in magnitude 
(the changes in density of the photographic emulsion are larger, by a factor of 
about 1-8, than those of the blood itself). There appears also to be much greater 
variability in the behaviour of different samples of dog’s defibrinated blood 
than in that of the suspensions of human red cells in isotonic saline solutions 
used by Taylor: in some samples there was no detectable change in optical 
density, and in a few the change was nearly as large as that found by Taylor. 
This variability was not accompanied by a corresponding variability in the 


anomalous flow-properties of the blood, and its origin and significance are 
obscure. | 
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In some experiments the observations were made within one or two hours 
of the blood being drawn from the animal (anaesthetized with chloralose- 
urethane or pentobarbitone (Nembutal; Abbott Laboratories): in others, the 
blood was kept in a refrigerator for 1-3 days before being used. A reduction 
in the optical density of the blood in the marginal zone was observed more 
frequently when the blood was fresh (in eleven experiments out of thirteen) 
than it was after the blood had been stored (in three experiments out of eight). 
The central reduction in optical density, seen in the very small tubes, on the 
_ other hand, when the light passed through the tube more or less radially rather 
than tangentially, was not observed more frequently in fresh blood (in three 
experiments out of seven) than in stored blood (in three experiments out of 
four). Taylor (1955), however, found that storing the blood for up to 8 days 
did not affect his results (except in one ‘anomalous’ experiment). It would seem 
that in some samples of blood changes may occur which affect the behaviour 
of the red cells in the marginal zone: but there is no evidence as to what these 
changes may be. | 
_ A few experiments were done on blood which had been made incoagulable with citrate (two 
experiments) or oxalate (one experiment). The red cells settled very much more rapidly in these 
bloods than in the defibrinated blood from the same animal, and it was difficult, or even impossible, 
_ with the apparatus used, to obtain reasonably satisfactory measurements of the pressure—flow 

line. If the citrated or oxalated blood were allowed to remain in the capillary tube, more or less 
stationary, for more than a few minutes, it was observed that an extensive marginal zone 
appeared, from which the red cells were almost completely absent; this vanished if'the blood in 
the capillary was made to flow rapidly. This somewhat unexpected phenomenon was due, almost 
certainly, to the red cells settling in the capillary tube before reaching.the point of observation, 
and moving in a narrow stream along the bottom of the tube. If the observations at the ‘slow’ 
rate of flow were made immediately after the capillary was filled with blood, this settling was not 
obvious: but, of course, it may have occurred to some extent, and masked a small but genuine 
axial drift of the cells at the ‘fast’ rate of flow. In no experiment, however, was there any indi- 
_ eation that a-more obvious marginal sheath, deficient in red cells, was developed at large rates of 
flow in citrated or oxalated blood than in defibrinated blood. 


In no sample of dog’s defibrinated blood, when flowing in a glass tube with 
a large rate of shear, has a marginal sheath been observed which was free from 
red cells. In Taylor’s experiments, also, the reduction in optical density of the 
marginal zone was not as large as would be expected if all the red cells had left it. 
In most of the samples of blood, however, some cells appeared to move towards 
the axis of the tube, and the possibility cannot be excluded that they departed 
altogether from a zone extending from the wall for some 2-5, which could not 
be accurately observed. But even in those experiments in which there appeared 
most obviously to be an axial movement, the width of the marginal sheath so 
formed was less than that calculated from equations (1) and (2) on the assump- 


tion that the viscosity of the blood was independent of the rate of shear. The 


reduction in’ apparent viscosity with increase in the rate of flow, therefore, 
cannot have been due solely, or even chiefly, to the development of a marginal 
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sheath of reduced red cell concentration: the viscosity of the blood in the axial 
core must have become smaller as the rate of flow became greater. This, 
however, may not be true for suspensions of human red cells in isotonic saline 
solutions, as used by Taylor. 

The theoretical studies of Saffman (1956) show that a movement of the red 
cells towards the axis of the tube is to be expected. If a spherical particle is 
in a fluid which is moving down a tube, and is close to the wall of the tube, it 
will move towards the axis with a velocity which depends on the fourth power 
of its radius and on the parameters which define the relation between the 
velocity of the fluid at any point and the distance of this point from the wall 
of the tube—i.e. on the constants in the equation defining the parabolic 
distribution of velocities. These may be expressed in terms of the rate of shear 
at the wall of the tube (or the shearing stress and the viscosity of the blood) 
and the radius of the tube. The radial distance travelled by this particle will 
depend on the time available for its movement, and thus on the length of the 
tube transversed by the fluid in which it is suspended and the velocity of this 
fluid. 

The equation given by Saffman (1956) is: 

w= -0-43 

where w is the radial velocity of the particle, a is its radius and » the kinematic viscosity of the 
fluid; « and £ are constants defined by the equation 

where u is the velocity of the fluid at a point distant z from the wall of the tube. From this 
equation, if simplifying assumptions are made, the radial velocity of a red blood cell in a tube of 
known radius, when a known pressure gradient is applied, can be calculated; the cell is assumed to 
behave as a sphere of radius 3-5, the distribution of velocities is assumed to be parabolic, and the 
viscosity of the blood is taken to be the value observed at large rates of flow. The radial distance 
travelled by any particular red cell in successive unit lengths of the tube will become progressively 
smaller, since the velocity along the tube of the blood in which it is suspended will become pro- 
gressively greater. 

Experimental observations (Bayliss, 1952) show that the apparent viscosity 
of a sample of blood becomes independent of the length of the tube in which 
the measurements are made, if the length is not less than 20 times the radius. 
It would appear, therefore, that a steady-state distribution of red cells must 


be reached at a distance from the inflow end of the tube equal to about 20 times 


the radius, In the conditions used for producing tlie ‘fast’ flows in the present 
series of observations, the pressure: flow ratio being not more than 5% greater 
than the asymptotic value, calculation shows that the radial velocity of a red 
cell near the wall in a tube 100y radius will be about 1y/sec. A cell with its 
centre initially 2 from the wall will move about 0-5 towards the axis while 
traversing a length of tube equal to 20 times the radius; and cells which are 
initially more distant from the wall will move through smaller distances, since 
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they will be moving through layers of fluid which are travelling with a greater 
velocity. The extreme marginal zone of the tube should become free from red 
cells, and just within this zone, the cells should become crowded together. The 
optical measurements, however, indicate that there is a marginal zone which 
may be some 10-20 in width, that it is not completely free from red cells, 
and that it has no sharp boundary. 
_ §ince it is assumed that a steady state is reached, there must be some 
tendency for the cells to move away from the axis: as suggested by Taylor 
(1955), it may be that random collisions between the red cells tend to equalize 
their concentration throughout the tube, so that the formation of a marginal 
zone, deficient in cells, will be opposed by a process somewhat analogous to 
diffusion. This might well produce the gradual change in cell concentration 
observed in the marginal zone; but it implies that the amount of axial drift 
calculated from the inward radial velocity should be substantially greater 
than the net amount observed. In the region of reduced cell concentration, the 
viscosity of the blood will be reduced, possibly by a factor of 2. Since the 
inward radial velocity of the red cells depends on the two parameters defining _ 
the velocity of the blood along the tube at different distances from the wall, 
it will increase with the square of the reciprocal viscosity of the blood in the 
region considered: the velocity of the blood will increase with the first. power 
of the reciprocal viscosity, so that the radial distance travelled by a red cell 
might be twice as large ag that calculated above. Even so, however, the 
calculated distance moved by a red cell towards the axis of the tube in a length 
equal to 20 times the radius is smaller, by an order of magnitude, than that 
necessary to produce the reduction in cell concentration deduced from the 
optical measurements. It must be remembered also that the velocity calcu- 
lated is that of an isolated spherical particle, whereas blood is a suspension of 
approximately flat. disks so close together that there must be considerable — 
interference between their motions. But if there are clumps, or aggregates of 
ted cells, cohering together the axial velocity of such a clump would be 
expected to be very considerably greater than that of a sixgle cell. 
It may be, however, that a steady-state distribution of the red cells is not 

. attained in a distance of 20 radii, and that axial drift continues so long as the 
blood is undergoing shear. We must suppose, then, that the effect of the 
reduction in the viscosity of the marginal zone on the observed pressure: flow 
ratio is approximately compensated by an increase in the viscosity, and/or — 
_Tadius, of the axial core: this is not inconceivable, although quantitatively a 
little unlikely. As may be seen in equation (2), there can be an infinite number 
of combinations of different values of y and of the ratio 7,,/7.. which yield the 
same value of the ratio Q,/P; in one limiting condition, y = 1 and the whole 
of the blood is of uniform composition and viscosity; in the other limit, 

n/N = 0 and there is an unsheared axial ‘plug’. That the presence or 
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absence of a detectable marginal zone may have little or no effect on the 
apparent viscosity is suggested by the variability in the magnitude of the 
change in optical density with change in the rate of shear as between one 
sample of blood and another, and the absence of any related variability in the 
pressure-flow characteristics. With the apparatus used in the present series of 
measurements the tube was observed at a distance of about 200 radii from the 
end at which the blood entered. Taylor (1955) observed the capillary at a 
distance of about 1000 radii from the end. If we apply Saffman’s (1956) 
equation in the conditions of applied shearing stress and radius of tube already 
discussed, we find that a red cell initially 2): from the wall of the tube would 
be about 5p from the wall after it had travelled 200 radii, and about 12, 
‘from the wall after 1000 radii: the calculated values are now not vastly dif- 
ferent from those observed. This idea, however, must remain highly specu- 


lative until further observations are available, both on the variation of the 


apparent viscosity with the length of the tube, and on the optical density of the 
marginal zone at different distances from the entry end of the tube. 


SUMMARY 


1. When dog’s defibrinated blood was made to flow rapidly in a glass tube 
of about 100 radius, the optical transmittance of a marginal zone, some 
5-20 from the wall of the tube, became greater. 

2. The width of this zone and the magnitude of the increase in Seahiemittance 


varied very greatly in different samples of blood, but showed no correlation 
with the magnitude of the reduction in apparent viscosity which accompanied 


the increase in rate of flow. In one-third of the experiments no change in 
transmittance could be detected, although the blood used showed anomalous 
flow-properties. 

3. In no experiment was the observed i increase in transmittance as large as 
would be expected if the red cells had left the marginal zone entirely: there 
may have been a cell-free zone extending not further than 2-5p from the 
wall, since this region could not be accurately observed. 

4. It was not possible to decide definitely whether the increase in trans- 
mittance was due to an orientation of the red cells, or to a decrease in their 
concentration, but it was probable that there was some decrease in concen- 
tration. 

5. It is concluded that in the conditions of these experiments axial move- 
ment of the red cells, and the formation of a marginal zone of reduced red cell 
concentration, was quantitatively inadequate to account for the reduction in 
the apparent viscosity of the blood with increase in the rate of flow. In most 


of the samples of blood the contribution of the marginal zone to the anomalous 
flow properties was negligible. 
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| am indebted to Professor M. de Burgh Daly and Dr Mary Scott for having, at some incon- 
venience, provided me with samples of dog’s blood; and to Dr Michael Taylor for much useful 
discussion. 


REFERENCES 


Bayiiss, L. E. (1952). Rheology of blood and lym “ge In Deformation and Flow in Biological 
Sysiems, ed. Frey-WIss.ina, A., pp. 354-418. Amsterdam: North Holland Publishing Co. 

Baruiss, L. E. (1960). The anomalous viscosity of blood. In Flow Properties of Blood and other 
Biological Systems, ed. Corey, A. L. & Starnspy, G. London: Pergamon Ltd. (In the 
Press.) 

Dosson, G. M. B., Grirrrra, I. O. & Haraison, D. N. (1926). Oxford: 
Clarendon Press. 

Loran, G. F. & Lewts, P. C. age Spectrophotometry of granulated material with particular 
reference to blood corpuscles. Nature, Lond., 178, 1342-1343. 

Sarrman, P. (1956). On the motion of small spheroidal particles in a viscous liquid. J. Fluid 
Mech. 1, 540-553. 

Tayior, M. (1955). The flow of blood in narrow tubes. II. The axial stream and its formation, as 
determined by changes in optical density. Aust. J. exp. Biol. med. Sci. 33, 1-16. 

Taytorn, M. & Ropertson, J. 8. (1954). The flow of blood in narrow tubes. I. A capillary micro- 
photometer: an apparatus for measuring the optical density of flowing blood. Austr. J. exp. 
Biol. med. Sci. 32, 721-732. 

Taoma, R. (1910). Die Viskositaét des Blutes und seine Strémung im Arteriensystem. Dtsch. Arch. 
klin. Med. 99, 565-636. 

Taoma, R. (1927). Die experimentell-mathematische Behandlung des Blutkreislaufes. In 

AspERHALDEN, E., Handbuch der biologischen Arbeitsmethoden, Abt. v, Teil 4, 11, pp. 1103-1258. 


Vann, V. (1948a). Viscosity of solutions and suspensions. I. Theory. J. phys. coll. Chem. 52, 
277-299. 


Vann, V. (1948 b). Viscosity of solutions and suspensions. II. Experimental determination of 
viscosity tion function of spherical suspensions. J. phys. coll. Chem. 52, 300-321. 


Wever, R. (1954). Untersuchungen zur Extinktion von strémendem Blut. Pfliig. Arch. ges. 
Physiol. 259, 97-109. 


cart 
f 
| 
ny 
‘ 
J 
pat 


614 3 J. Physiol. (1959), 149, pp. 614-625 
With 4 text-figures 
Printed in Great Britain 


THE INCREASE IN TONE IN FOREARM RESISTANCE BLOOD 
VESSELS EXPOSED TO INCREASED TRANSMURAL PRESSURE 


By D. A. BLAIR, W. E. GLOVER, A. D. M. GREENFIELD anp 
I. €. RODDIE 


From the Department of Physiology, The Queen’s University of Belfast 
(Received 31 July 1959) 


The response of resistance blood vessels to an increase in the distending or 
transmural pressure remains a controversial matter. There are two views. 
The first is that the walls of the vessels behave passively, the vessels becoming 
distended and the resistance to the flow of blood through them reduced. The 
second view is that the muscle in the walls of the vessels reacts actively 
(Bayliss, 1902; Folkow, 1949). The reaction, according to its strength and the 
pressure to which it is opposed, may limit distension, enable the vessel to 
maintain its calibre unchanged, or even cause the vessel to narrow. An active 
response implies the existence of a pressure detector or baroreceptor. This 
detector would presumably be sensitive to stretch. The detector could be 
sited in the wall of the resistance vessels. If it were sensitive to circumferential 
stretching of the vessel wall; the response would presumably tend to restore 


the calibre of the vessel, but would not cause the vessel to narrow. If the 


detector were sensitive to longitudinal stretching of the vessel wall, the response 
might sometimes lead to a narrowing of the lumen of the vessel. The nature 
of the detector has not been determined; it has been assumed to be in the 
muscle cells of the vessel wall, and the mechanism has been called myogenic 
(Bayliss, 1902). Alternatively, the detector may not be in the wall of the 
responding resistance vessel, but in a nearby vessel. Such separation demands 
a nervous or humoral! connexion. The veni-vasomotor reflex (Gaskell & Burton. 
1953) by which a rise in pressure in the veins or venules is claimed. to cause 
constriction of the resistance vessels would be an example of this mechanism. 

Since an active response may fail to prevent some distension, it cannot be 
excluded without the use of poisons to provide a perfectly inert vessel for 
comparison. On the other hand, a narrowing of resistance vessels, or an increase 


in the resistance to the flow of blood through them, is a clear indication of an 
active response. 
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_ Some previous work has indicated that, in animals, an increase in transmural 
pressure causes distension and a decrease of resistance. This was seen in the 
limb of the dog when the arterial pressure alone was varied (Green, Lewis 
Nickerson & Heller, 1944; Levy, 1958) and in the dog’s limb and rabbit’s ear 
when the arterial and venous pressures were simultaneously raised by equal 
increments (Phillips, Brind & Levy, 1955; Levy, 1956; Burton & Rosenburg, 
1956). 
¢ Others have reported an increase in resistance. Haddy & Gilbert (1956) 
found that in the dog’s paw, perfused by pump at a constant rate, venous 
congestion raised the pressure in all the vessels, and increased the resistance 
between the small arteries and small veins. Haddy (1956) found the resistance 
of the innervated kidney to be raised when pressures were raised by venous 
congestion, but to be unaltered when the arterial pressure was progressively 
increased. 
In the human subject various responses have been reported. Observations 
by venous occlusion plethysmography immediately after a period of raised 
transmural pressure indicate an increased resistance to flow, suggesting — 
the persistence of an increased activity of the muscular elements in the 
walls of the resistance vessels. Such a reaction was seen in the forearm after 
venous congestion (Patterson & Shepherd, 1954), and in the forearm and 
ealf after local exposure to subatmospheric pressures (Greenfield &. Patterson, 
1954a; Coles, Kidd & Patterson, 1956). Similarly, if during arrest of 
the circulation to a limb the intravascular pressure is maintained at a higher 
value than normal, on release of the circulation the reactive hyperaemia is 
smaller than normal (Wood, Litter & Wilkins, 1955; Patterson, 1956). All 
this evidence may be held to support an active response of the resistance 
vessels to increases in transmural pressure. Since Patterson & Shepherd (1954) 
found that the sympathectomized and chronically denervated forearm be- 
haves like the innervated forearm, the response is independent of those 
nervous pathways which degenerate after sympathectomy or major nerve 
lesions. | 


How successfully the response opposes the increase in transmural pressure 
probably depends on the conditions of observation. A modest degree of 
venous congestion, of about 15 mm Hg, sufficient to impound about 1-2% 
_ of blood in the forearm or calf, causes no change in blood flow, and therefore 

a small reduction in resistance to flow; and by inference a slight dilatation of 
| the resistance blood vessels (Greenfield & Patterson, 19546; Coles & Kidd, 
1957). With greater degrees of initial venous filling the method of venous 
occlusion plethysmography is of uncertain reliability; some experiments have 
indicated a reduction (Edholm, Moreira & Werner, 1954) and some an increase 
(Gaskell & Burton, 1953; Yamada & Burton, 1954; Beaconsfield & Ginsburg, 
1955; Formel & Doyle, 1957) in resistance; transmural pressure was increased 
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by venous congestion, appropriate change of posture or local subatmospheric 
pressures. 

Culorimetric observations indicate that, in the digits, venous congestion 
eituer reduces resistance (Roddie & Shepherd, 1957) or leaves it almost un- 
changed (Shanks, 1955; England & Johnston, 1956). Lowering the limb to the 
passive dependent position, thereby increasing the arterial and venous pressures 
about equally, diminishes resistance in the digits (R. A. Roddie, 1955; 
England & Johnston, 1956), but greater increases in transmural pressure. 


brought about by local exposure to pressures 50-150 mm Hg below atmo- 


spheric, increase the resistance in the hand and toes (Coles & Greenfield, 1956: 
Coles, 1957). 

The calorimetric method provides information about the skin of the ex- 
tremities. The modest increase in venous oxygen saturation in a limb lowered 
to the passively dependent position (Wilkins, Halperin & Litter, 1950; 
Rosensweig, 1955) indicates a generally reduced resistance, and therefore a 
dilatation of the resistance vessels. | 

To summarize, there is evidence for an active response of the human resis- 
tance vessels to an increase in transmural pressure. With a modest rise in 
pressure, particularly at the venous end of the circulation, the response if 
present fails to prevent passive dilatation of the resistance vessels. With a 
greater rise in pressure, the response may increase the resistance to blood flow 
through the skin of the digits. : 

The present paper presents observations on the response of the resistance 
vessels of the muscles of the human forearm during exposure to increased 
transmural pressure, about which there is at present little satisfactory in- 


formation. Some of the experiments have already been briefly described 
(Blair & Roddie, 1958). | 


METHODS 


The subjects were ten healthy young adults wearing normal indoor clothing, and the experiments 
were carried out in a laboratory maintained at a temperature of 12~14° C, This temperature was 
chosen to ensure that the oxygen saturation of the skin venous blood would be relatively low, 
but the subjects were not uncomfortably cold and did not shiver. Throughout each experiment 
the subject lay on a couch: Two nylon catheters, 0-9 mm in external diameter, were inserted into 
the veins at the antecubital fossas of one arm through thin-walled needles, which were then 
withdrawn. One catheter was inserted into a superficial vein, the other into a deep vein (Roddie, 
Shepherd & Whelan, 1956). Usually they were inserted for about 5 cm, but sometimes for a smaller 
distance if their passage was obstructed by valves. Their positions were determined by palpation. 
This arm was then inserted through a closely, but not tightly, fitting rubber sleeve into a tank 
(Greenfield & Patterson, 1956), the catheters passing under the sleeve and their free ends remaining 
outside. Care was taken to have the point of entry of the catheters into the arm inside the tank, 
and clear of the sleeve. In an early experiment in which the point of entry was under the cuff, 
a considerable volume of air was drawn into the tissues of the arm. In this case, through leakage 
between the sleeve and the arm, the pressure at the point of entry was evidently greater than that 
in the tank. When the pressure in the tank was first reduced, care was always taken to prevent 
air being drawn down the catheters into the veins. There was, in fact, little tendency for this to 
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happen, and within a few seconds the flow in the catheter was outwards rather than inwards 
while the syringes were being changed. The temperature of a thermo-electric junction in contact 
with the skin of the forearm was measured every few minutes. The pressure in the tank could 
be lowered by a motor-driven pump, controlled by a variable leak, and measured by a mercury 
manometer. The subject rested for half an hour before any samples were withdrawn. The circula- 
tion was then arrested at the wrist by inflating a pneumatic cuff to a pressure of 220 mm Hg. 
Blood samples of 1 ml. were withdrawn slowly over 20-40 sec and the percentage saturation with 
oxygen was determined immediately by a rapid spectrophotometric method (Roddie, Shepherd & 
Whelan, 1957). After three or four resting samples had been found to be in good agreement the 
pressure in the box was lowered within 5-10 sec to 50 mm Hg below atmospheric. Further 
samples were withdrawn at short intervals and the suction was continued until the oxygen 
saturation reached a steady level, usually after 5-10 min. The pressure in the box was then re- 
turned to atmospheric, and further samples were taken until the oxygen saturation had returned 
to the previous resting level. 
In one similar experiment three superficial veins were catheterized and blood samples were 

withdrawn as nearly simultaneously as possible. : 


RESULTS 


The typical changes in the oxygen saturation of blood samples from a deep 
forearm vein during exposure to subatmospheric pressure are shown in Fig. 1. 
When the pressure was reduced to 50 mm Hg below atmospheric the oxygen 


Blood oxygen saturation (%) 


0 
Minutes 
F’ 1, The effect of increased transmural pressure on the oxygen saturation of blood samples 
obtained from a deep forearm vein. The forearm was exposed to a pressure 50 mm Hg below 


atmospheric for the period shown. 


saturation was at first increased. During the next b min it gradually fell to 
slightly below the resting level. This new level was then maintained until the 
end of the exposure. On returning the forearm to atmospheric pressure there 
was a further sharp fall in oxygen saturation and then a quick return to the 
testing level. 
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In eighteen experiments on nine subjects, the changes in oxygen saturation thi 
were followed in superficial and or deep venous blood, and the results are 19 
summarized in Table 1. In the deep forearm veins the changes in oxygen Ox 
saturation followed a consistent pattern. There was an initial transient 
increase. This was followed by a slower fall towards, or in some experiments 
below, the resting level. In the superficial forearm veins the changes were 
less consistent, but in general they were of the type regularly seen in the 
deep veins. | | 


4 


TaBxe 1. The effect of exposure of the forearm to 50 mm Hg subatmospheric pressure on 
the oxygen saturation of blood sampled from deep and superficial forearm veins 


Deep vein Superficial vein 
Before During After. Before During After 


Resting ‘Initial Final ‘Initial Resting Resting Initial Final Initial Restin) 
level sample level sample level level sample sample sample level 
32 52 34 9 40 56 46 18 39 

~~ 42 32 13 36 47... 88 20 
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58 43 36 41 55 37 19 ~ 
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It is likely that the blood samples from superficial and deep forearm veins 
represented blood draining from skin and muscle, respectively. This was tested 
in five experiments, and the results of one of these are shown in Fig. 2. Initially 
the environmental temperature was relatively low and the oxygen saturation 
-of the superficial blood was similar to that of the deep. When the subject was 
warmed with hot water bottles, blankets and radiant heat, there was a rise _ 
in the oxygen saturation of the superficial but not of the deep blood. As it 
has been shown that body heating increases the blood flow through the skin 
but not the muscle of the forearm (Barcroft, Bock, Hensel & Kitchin, 1955; 
Kdholm, Fox & Macpherson, 1956; Roddie et al. 1956) the result indicated 
that the blood withdrawn from the deep vein did not include any appreciable 
amount of blood returning from skin. It has also been shown that, when a 
subject’s legs are passively raised, there is a reflex increase in the blood flow 


72 
~ 
7? 
| 5] 
58 
‘ 


< 


| | 


te 


VASCULAR REACTIONS TO TRANSMURAL PRESSURE 619 


through the muscles, but not the skin, of the forearm (Roddie & Shepherd, 
1956). In the present experiment, when the subject’s legs were raised the 
oxygen saturation of the deep blood increased, whereas that of the superficial 


was not affected. This showed that the sample from the superficial vein did not 
contain any appreciable amount of blood returning from muscle. 


100 


Q 


Blood oxygen saturation (%) 
' 


0 10 20 
Minutes 
Fig. 2. Oxygen saturation of blood samples obtained from a superficial (O) and a deep (@) 
forearm vein, in the left panel before, and in the right panel after general body heating. 
During the time represented by the black rectangle the subject’s legs were passively raised, 
and during the period between the vertical lines in the right-hand pow the part was exposed 
toa pressure 50 mm Hg below atmospheric. 


e it was, therefore, clear that in this case under resting conditions the samples 
of blood withdrawn from the superficial and deep forearm veins were derived 


_ from skin and muscle, respectively. It was, nevertheless, possible that during 


exposure to subatmospheric pressure the changed pressure relationships in 
the veins might cause some of the venous blood from the skin to enter the 
veins normally draining muscle, as has been shown to happen during venous 


 eongestion (Roddie et al. 1956; Coles, Cooper, Mottram & Occleshaw, 1958). 


Alternatively, muscle blood might enter the veins normally draining the skin. 
In this experiment the rise in oxygen saturation of the deep blood during 
‘exposure to —50 mm Hg might, therefore, be accounted for by diversion of 
blood from skin veins with a relatively high resting oxygen saturation to 
‘muscle veins where the resting saturation is lower. 

In the experiment illustrated by Fig. 3, panel A, however, the oxygen 


saturation of the blood from the deep vein rose to a much higher level than 
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that of the'blood from a superficial vein. It seems unlikely that other super- 
ficial veins contained blood appreciably more highly oxygenated than the one 
that was sampled, for-in panel B is shown another experiment in which the 
oxygen saturation in three different superficial veins of an arm was similar 
before, during and after exposure to subatmospheric pressure. We may conclude 
that, in the experiment in panel A, the rise in oxygen saturation in the deep 
venous blood was certainly not due to contamination with blood from the 
superficial vein sampled, and most probably not due to contamination with 
— blood from any other superficial vein. 
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Fig. 3. Results of experiments on a cool (panel A) and on a warm (panel B) subject. Oxygen 
saturation of blood samples from deep (@) and superficial (O [) A) veins. During the 
periods 0-4 and 0-3 min the part was exposed to a pressure 50 mm Hg below atmospheric. 


There remains the possibility that highly oxygenated blood from deep 
veins might enter the superficial veins during exposure to subatmospheric 
pressure, and be responsible for the raised oxygenation of superficial samples. 
There are two reasons for rejecting this explanation as the sole cause of the 
observed rise. First, in the experiment of Fig. 3 panel Bit would be necessary to 
assume substantial and almost equal contamination with very highly saturated 
blood in each of three superficial veins. Secondly, in this same experiment, 
which was done with the subject much warmer than in the main series of 
experiments, the oxygen saturation in each of the superficial veins reached a 
higher level than was ever observed in the deep veins of either cold (Table 1) 
‘or warm (Fig. 2) subjects; it is doubtful if the oxygen saturation in the deep 
veins is ever high enough to account for the result even if liberal mixing occurs. 
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We therefore conclude that intermixing cannot account for the observed 
changes in oxygen saturation either in the superficial or the deep veins, and 
that there are similar and independent changes in the oxygenation of blood 
draining the skin and muscle of the forearm. 

On the assumption that exposure/to subatmospheric pressure did not alter 
the metabolic requirements of the tissues of the forearm, the changes i in 
oxygen saturation represented changes in skin and muscle blood flow. 5 

It is also clear from Figs. 1-4 that changes in blood flow are reflected by _ 
changes in oxygen saturation with very little delay, certainly not more than 
a fraction of a minute. The mechanism of these changes was next eareamnenas: 
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Fig. 4. Oxygen saturation of blood samples obtained from a deep forearm vein. During the 
period A the forearm was exposed to a pressure 50 mm Hg below atmospheric, and during B 
the subject tensed the forearm muscles voluntarily. 


When subatmospheric pressure was applied to an arm, the arm tended to be 
drawn into the box. Though a support was provided to prevent movement of 
the arm it was thought that the subject might involuntarily tense his forearm 
muscles, and that this muscular activity might, in part, explain the change in 
oxygen saturation when subatmospheric pressure was applied. However, 
no increase in electrical activity was detected in either the flexor or extensor 
groups of muscles of the forearm during exposure to subatmospheric pressure, 
although the recording system was sensitive to slight voluntary contraction. 
As a further check the experiment illustrated in Fig. 4 was carried out. Blood 
was sampled from a deep forearm vein, and exposure to subatmospheric 
pressure produced the usual response. The subject was then asked to tense 
his forearm muscles for a similar length of time. The change in oxygen satura- 
_ tion during this mild muscular activity did not resemble the change seen du “ 
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It was concluded that the changes in the oxygen saturation of the muscle 
blood during exposure to subatmospheric pressure could not be explained by 
altered activity of the muscle fibres. 

Assuming that the changes in oxygen saturation in muscle and skin indi- 
cated changes in blood flow through these tissues, the next, problem was to 
decide whether these changes were due to alterations in the calibre of the 
blood vessels, or due to changes in the perfusion pressure. Venous pressure in 
a deep vein was measured during exposure of the forearm to —50 mm Hg 
subatmospheric pressure (Fig. 5); the pressure was referred to atmospheric 
pressure. At first there was a rapid fall in venous pressure, but this returned 
to normal within 14 min. When the tank pressure was returned to atmospheric, 
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Fig. 5. Pressure relative to atmospheric pressure recorded from a needle in an antecubital vein. 
During the period represented by the rectangle the forearm was exposed to a pressure 
50 mm Hg below atmospheric. ; 


the venous pressure increased only slightly, and for only a few seconds, Since 
under these conditions arterial pressure remains constant (Patterson, 1956), 
the initial fall in venous pressure would increase the perfusion pressure and 
would, while it lasted, contribute to the increase in the blood flow. However, 
the increase in blood flow during exposure to subatmospheric pressure usually 
persisted for about 5 min, The increase, therefore, could not wholly be 
attributed to an increase in perfusion pressure, but must have been due mainly 
to a fall in resistance to blood flow, presumably due to a widening of the 
resistance vessels. Similarly, the small transient decrease in perfusion pressure 
at the end of the exposure could not explain the more prolonged reduction in 
flow which occurred at this time, and was presumably due toanactive narrowing 
of the resistance vessels. 
DISCUSSION 


When a distending force was applied to the blood vessels of the forearm, there 
Was an immediate increase in the oxygen saturation of the venous blood, and 
by inference the blood flow through both skin and muscle. This increase could 
not be explained by an increase in the perfusion pressure, and must, therefore, 
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have been mainly due to dilatation of resistance blood vessels. This would be 
the expected result for distensible vessels exposed to an increase in transmural 
pressure. However, the dilatation was only transient, for within several 
minutes the oxygen saturation of the venous blood returned to about the 
resting level. Measurements of intramuscular tissue pressure during exposure 
of the forearm or calf to subatmospheric pressure indicate that accumulation 
of oedema fluid only slightly diminishes the effect. of the subatmospheric 
pressure at the wall of the blood vessel (Coles, 1956). Since the vessels were 
not compressed by oedema fluid the fall in venous oxygen saturation indicated 
an active constriction of their walls. 

Folkow (1949) has shown in animal experiments that the increase in tone in 
response to a distending force persists after sympathectomy and chronic 
denervation, and Patterson & Shepherd (1954) have shown that the vaso- 
constriction in the forearm which follows venous congestion persists after 
sympathectomy and chronic denervation. These workers suggested that the 
increase in tone represented a direct response of smooth muscle in the resistance 
vessel wall to the increased distending force. The present results are, on the 

whole, in keeping with this hypothesis. | 

In these experiments there was an increase in transmural pressure in all 
the vessels while the arm was exposed to subatmospheric pressure. There is 
therefore no indication as to the site of the receptors responsible for the 
reactions in the resistance vessels. In some experiments there was an indica- 
tion that the resistance vessels were narrowed while the transmural pressure 
was increased. There is some doubt as to whether this was really so, because 
the method is not sufficiently accurate to, permit fine analysis, but if this effect 
is genuine it would indicate that the effective stimulus was some deformation 
of the resistance vessels other than circumferential stretch, or that it was a 
deformation in some other type of vessel. 

When the transmural pressure was returned to normal, the increase in tone 
in the resistance vessels persisted for a short time, causing an initial narrowing 
_ before the vessels reverted to their normal calibre. This is in keeping with the 
findings of Greenfield & Patterson (1954a), who measured the blood flow in 
the forearm immediately after it had been exposed to subatmospheric pressure 
and found a similar transient narrowing. A similar result has also been 
reported for the human calf by Coles, Kidd & Moffat (1957). 

It is clear that the response is a slow one, for there is a considerable dele 
after the stimulus is either applied or removed before the subsequent vascular 
teadjustments are completed. The time required would appear to be consider- 
ably longer than that of other vascular reflexes involving the sympathetic 
nervous system. This in itself supports the theory that it is an intrinsic response 
of the smooth muscle in the wall of the vessels concerned. 
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SUMMARY 


1. The transmural pressure of all the blood vessels in the forearm has been 
increased by local exposure of the part to a pressure 50 mm Hg below atmo- 
spheric. The behaviour of the resistance blood vessels of the skin and the 
muscle has been inferred from measurements of the oxygen saturation of 
venous blood. 

2. At the onset the resistance vessels of both skin and muscle are widened. 
They then, over the next few minutes, contract; the final diameter is sometimes 
less than the initial. | | 

3. This contraction is evidently an active response. 

4. On removing the extra distending pressure there is a further narrowing; 
the diameter at this time is probably always less than it was before exposure. 
This narrowing is probably due to the removal of opposition to the enhanced 
_ contractile force of the muscle in the vessel walls. 

5. The present observations indicate that the resistance blood vessels of 
both the skin and muscle of the forearm more or less re oppose a 
distending force. by an active response in the walls. 
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THE ACTION OF THE ANTERIOR LOBE OF THE 
CEREBELLUM ON a MOTONEURONES 
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A full understanding of the effects brought about by variations in 
Purkinje cell (Granit & Phillips, 1957) and brachium conjunctivum fibre 
(Calma & Kidd, 1955) discharges is hampered by the lack of agreement 
as to the effects caused by electrical stimulation of the anterior lobe of 
the cerebellum on extensor and flexor motoneurones (Moruzzi, 1958). 

Cerebellar effects have been assessed by previous workers in this field 
from the changes in decerebrate muscle tone and in spinal reflexes, the 
knee jerk (Denny-Brown, Eccles & Liddell, 1929) and the crossed-extensor 
reflex (Moruzzi, 1935) having been used in the main as indexes of spinal 
activity under cerebellar conditioning. The fact that no consistent picture 
of cerebellar action has emerged from these studies may possibly be due 
to the complexities of the Purkinje cell reactions to electrical stimulation 
(Granit & Phillips, 1957), possibly to the presence of elements with oppo- 
site functional properties in the cerebellar cortex and deep nuclei (Moruzzi, 
1949; Moruzzi & Pompeiano, 1957) and possibly to the fact that the type 
of spinal activity chosen for study did not always allow the separation of 
cerebellar effects on « and y motoneurones. Furthermore, it may be that 
the effects of cerebellar stimulation vary in the different experimental 
preparations used. 

In the experiments whioh will be reported in this paper, the mono- 
synaptic reflex has been used as index of the effects of cerebellar stimula- 


tion: this reflex was chosen because it is as good a test of motoneurone - 


excitability as any so far devised, short of resorting to intracellular 
recordings, and because the study of this reflex allows the definition of the 
temporal course of the cerebellar effects. While these experiments were 
in progress, Koizumi, Ushiyami & Brooks (1958) published results of 
experiments in which the monosynaptic reflex was used to determine the 
effects of stimulating the reticular formation and some parts of the cere- 


bellum, using a technique somewhat similar to that used in the experiments 
here 


4 
ne 
7 
i 
; te 
1¢ 


CEREBELLUM AND « MOTONEURONES 627 


A second problem has recently been posed in regard to the relation 
between the cerebellum and the regulation of activity of « and y moto- 
neurones. It has been postulated that the action of the cerebellum is to 
switch motor activity either to the « or to the y motoneurones (Granit, 
Holmgren & Merton, 1955) and that the symptoms of cerebellar deficiency 
may be the manifestation of spindle paralysis and. of absence of a-y 
linkage. But while the action of supraspinal structures and of the cere- 
bellum on the y motoneurones has been defined at least in its main quali- 
tative aspects, little is known about the effects of cerebellar activity on 
the « motoneurones. In this respect there are only results indicating a 
tonic inhibitory action of the cerebellum on « motoneurones (Stella, 
19440, b; Granit, Henatsch & Steg, 1956), and the contrary findings of 
Terzuolo & Terzian (1953) who obtained excitation of the « motoneurones 
when the cerebellum was stimulated. 

To define with some precision the action of the anterior lobe of the 
cerebellum on the « motoneurones, the experimental conditions of the 
following work were such as to allow the study of the effects of the in- 
activation and stimulation of the anterior lobe on the « motoneurones in 
isolation, that is in conditions in which the muscles were deprived of their 
motor and of their afferent innervation, so as to eliminate the operation 
of the y loop. It will be shown that the anterior lobe of the cerebellum 
_ has a direct action on the spinal « motoneurones and that the vermian and 
paravermian areas of the anterior lobe have respectively a potentiating 
and inhibitory effect on the extensor « motoneurones, and a uniformly 
inhibitory action on the flexor « motoneurones. The term ‘paravermian’ 
is used here to indicate the part of the anterior lobe lateral to the para- 
vermian veins. The term is therefore equivalent to ‘intermediate cortex’ 
and to ‘hemispherical part of the anterior lobe’. 


METHODS 


These experiments were performed on decerebrate cats. All preliminary operative pro- 
cedures were carried out under ether anaesthesia. The decerebration was performed without 
occlusion of the vertebral arteries but with the carotid arteries clipped; the brain stem was 
transected about 2 mm behind the anterior border of the superior colliculus and the brain 
stump was padded with ‘Oxycel’ (Parke, Davis) to facilitate the arrest of the usually not 
too severe haemorrhage. The clips were removed from the carotid arteries about 10 min 
later. Immediately after decerebration an intravenous drip infusion of about 10 ml. dextran 
and 10 ml. glucose 5 % (w/v) solution into the femoral or saphenous vein was administered. 
About 1 hr after decerebration the bony tentorium was removed and the anterior lobe of 
the cerebellum was widely exposed. Recording and stimulating electrodes were put into 
Position and the experiment was started about a hr after the cessation of the ether 
anaesthesia. 

The preliminary surgical tien included bilateral sectic.. of the femoral nerves; 
Section of the sciatic nerve on one side high up in the gluteal region, while on the 
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contralateral side all branches of the sciatic, of the tibialis and of the popliteal nerves were 
dissected out and cut, and some of them prepared for stimulation or recording; insertion 
of drills into the upper ends of the femurs and at the ankles; laminectomy of the sacral 
and lower lumbar region and section of the sixth and seventh lumbar and first, second 
and third sacral anterior nerve roots on one side. The central ends of these nerve roots 
were prepared for recording. The spinal cord was transected just posterior to the point of 
entry of the third sacral posterior nerve roots, to cut off impulses from the most posterior 
regions of the body. The animal was then suspended by the drills inserted into the upper 
ends of the femurs and by clamps on the spinous processes of one mid-thoracic and of the 
lumbar fifth vertebrae, so that the anterior part of the abdomen and thorax did not touch 
the operating table. The head of the animal was held in position in the stereotaxic 
instrument. 

Skin flaps were used to make mineral oil pools in the region of the laminectomy and of the 
posterior region of the leg where the nerves were prepared for stimulation and recording. 
The temperature in the pools was kept constant at 38° C. 

Stimulation of nerves was.carried out by means of a square-wave generator and silver 
or platinum bipolar electrodes. A similar stimulator delivering positive pulses was used for 
the stimulation of the anterior lobe of the cerebellum. The output of this stimulator was 
gated by an electronic counter so that the stimulator delivered a predetermined number of 
stimuli to the cerebellum and was automatically cut off on reaching the predetermined 
number. Mineral oil was introduced into the cranial cavity after exposure of the anterior 
lobe and kept at 37-38° C. Monopolar stimulation of the anterior lobe with positive pulses 
was carried out by means of a ball-tipped electrode lowered into position through the pool 
over the cerebellum; the other, indifferent, earthed electrode was introduced under the 
skin of the neck and consisted of a silver plate 2x 6cm. Electrical records from the roots 
were taken by means of bipolar electrodes; and those from the cerebellar cortex by means of 
a ball-tipped monopolar electrode with a silver plate reference electrode embedded in agar- 
saline poured into the cranial cavity. Condenser-coupled amplifiers of high discrimination 
ratio, and with a frequency response from 0-2 to 25,000 c/s, were used, and their output 
fed into the amplifiers of a Cossor oscilloscope. 


| Statistical analysis of results and preparation of figures 
The use of the monosynaptic reflex testing of motoneurone excitability has the inherent 
disadvantage of the spontaneous excitability changes in the motoneurones being revealed 


as changes in the height of the recorded reflex discharges (Hunt, 1955). This variation may be — 


great in the active decerebrate preparation and the experiments must be designed in such 
@ way as to prevent the changes following cerebellar stimulation from being obscured by 
the spontaneous changes. The experiments to be described include determinations of the 
excitability changes in motoneurones following single conditioning stimuli to the cerebellum, 
and to avoid the aforementioned difficulties they were designed as follows. 

A sample of monosynaptic reflex discharges conditioned by a stimulus to the cerebellum 
was recorded and the mean height of the discharges expressed as a percentage of the mean 
height of control discharges not preceded by a cerebellar stimulus. A sample of control. 
discharges came before and after each episode of cerebellar stimulation. The number of 
discharges taken for the samples was determined by the experimental conditions. Where 
the spontaneous variation in the height of the discharge was great, as many as forty condi- 
tioned discharges were preceded and followed by forty controls. Where the spontaneous 
variation was not great, a smaller sample was taken, though never less than six conditioned 
discharges preceded and followed by six controls. : 

The statistical treatment of the results was as follows: The significance of the difference 
of the mean height of the pre-stimulation and post-stimulation controls was calculated 
by the conventional ¢ test in which Bessel’s correction was applied to compensate for the 
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small samples available. Where the significance of the difference of the mean height of the 
two control samples exceeded the 5 % level, the experimental results were rejected. 

In the experiments in which the two control samples did not differ significantly, the sig- 
nificance of the difference in the mean height of the combined controls and the conditioned 
reflex discharges was calculated, again by means of the ¢ test together with Bessel’s cor- 
rection. Where the significance exceeded the 1 % level, the results were incorporated in the 
graphs to be described below. 

Preparation of the figures. The effects of cerebellar cooling or stimulation are presented 
in the form of graphs. In the experiments involving cooling or repetitive stimulation these 
consist of a series of points which represent the height of individual reflex discharges 
elicited and recorded at the rate described in the legends. The height of each reflex discharge 
is expressed as a percentage of the mean height of control discharges recorded before each 
episode of cooling or stimulation. The mean height of the control discharges is described 
on the ordinate as 100%. Percentages greater than one hundred denote potentiation and 
less than one hundred inhibition of the reflex discharge (see Figs. 1 and 2). 

In the experiments involving single conditioning stimuli to the cerebellum, the graphs 
consist of a series of columns each representing the mean height of a sample of monosynaptic 
reflex discharges, when single stimuli to the cerebellum precede them by the interval 
described as the abscissa. Columns drawn upwards from the abscissa denote potentiation 
of the reflex discharge as a percentage of the mean height of control discharges, which is 
represented on the ordinate as 100%. Columns drawn downwards from the abscissa 
signify, in like manner, the degree of inhibition of the reflex discharge. Columns drawn 
equally above and below the abscissa denote no significant difference between the means of 
control and conditioned discharges (see Figs. 6, 8, 11, 12 and 14). 


RESULTS 


It is well known that the cerebellum exerts a tonic inhibitory action 
on the spinal motoneurones of the decerebrate cat, as is shown by the fact 
that muscle tone is increased by ablation, freezing, and application of 
local anaesthetic substances and decreased by local application of strych- 
nine to the anterior lobe (Bremer, 1922). A preliminary step in these 


_ investigations consisted of finding whether such tonic cerebellar action 
is brought about through the inhibition of the « motoneurones and whether 


it can be demonstrated in the absence of motor and sensory connexions 
to and from the muscle spindles and when the height of the monosynaptic 
reflex, and not the decerebrate muscle tone, is taken as a test. 


Effects of freezing the anterior lobe of the cerebellum on the 
monosynaptic reflex 
In the experiment illustrated in Fig. 1a, the excitability of the gastro- 
enemius motoneurones was measured from the height of their mono- 
synaptic reflex discharge before, during and after cooling the anterior 
lobe of the cerebellum, in a preparation in which the y loop was made 
inoperative by complete denervation of the muscles of the hind legs. 


When a piece of solid carbon dioxide was applied to the anterior lobe and 


kept in position for about, 30 sec, the height of the monosynaptic reflex 
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discharge increased: the amount of potentiation was variable and reached 
a maximum of 21% above the control height of the reflex. When the piece 
of solid carbon dioxide was removed and the anterior lobe was warmed 
with paraffin oil at 38° C, the height of the reflex returned rapidly'to the 
pre-cooling level. A similar experiment was performed in another prepara- 
tion on the monosynaptic reflex elicited by stimulation of the central 
end of the cut nerve to the hamstring muscles, thus testing the excitability 
of the flexor motoneurones; cooling yielded a similar potentiation of the 
reflex (Fig. 15). 


M.S.R. discharge height (% of control) 


Fig. 1. Effect of cooling the whole accessible anterior lobe of the cerebellum on_ 
the height of the monosynaptic reflex discharge evoked by stimulation, a, of the 
gastrocnemius nerves and b, of the hamstring nerves. Ordinates: height of the 
monosynaptic reflex expressed as percentage of the mean height of the reflex 
before cooling. Abscissae: time. The reflex was elicited every 2 sec. The duration 
of the cooling period is indicated by the lines under the graphs and is 50 sec in a 
and 45sec in 6, The broken parts of the graphs indicate breaks in recording 
during the cooling and the rewarming of the anterior lobe. : 


In these experiments, simultaneously with the potentiation of the 
reflex, the forelegs were observed to extend and to become rigid, thus 
indicating an increase of muscle tone. It may thus be concluded from these 
experiments that the anterior lobe of the cerebellum exerts a tonic inhibi- 
tory action on the monosynaptic reflex discharge of the spinal motoneurones 
of the flexor and extensor pools, even when the fusimotor. y fibres and 
muscle afferents have been cut, and that this action is not qualitatively 


different from that exerted on decerebrate muscle tone in preparations 
with the y loop intact. | 
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Effects of multiple stimuls to the anterior lobe on the monosynaptic reflex 
Extensor motoneurones 


In the experpfients now to be described the anterior lobe was stimulated 
with trains of electrical pulses whose voltage, polarity, duration, frequency 
and number were strictly controlled. In some experiments the duration 
of the stimulation period was kept constant, irrespective of the frequency 
of stimulation, thus varying the number of applied stimuli; in other experi- 
ments the number of stimuli delivered was kept constant, whatever the 
frequency of stimulation, thus varying the duration of the stimulation 
period. 

As the monosynaptic reflex cannot be elicited at rates faster than 0-1/sec 
without causing a reduction in its height (Lloyd & Wilson, 1957), and 
owing to the need of obtaining a batch of reflexes sufticiently large for 
statistical analysis during the stimulation period, the method of main- 
taining the duration of the stimulation period constant proved more 
satisfactory. Usually periods of stimulation of 10 sec duration were used 
and, as the monosynaptic reflex was elicited at rates of approximately 
I/sec, it was possible to determine the effects of cerebellar stimulation on 
a batch of ten reflexes obtained during the stimulation period. 

_ The intensity of the stimulating current and the duration of the pulses 

were kept as low as possible; several stimulations of the anterior lobe of 
the cerebellum were carried out, each time with current intensities in- 
creased by small steps, until an effect became apparent. The current de- 
livered by the stimulating cerebellar electrode varied from 0-04 to 0-7 mA 
in different experiments and the duration of the pulses was 0-5 or 1 msec. 

The height of the monosynaptic reflex discharge elicited by stimulation 
of the gastrocnemius nerves is affected by stimuli applied to the cortex 
of the vermis of the anterior lobe in a different way according to the fre- 
quency of the stimulation. When the frequency of stimulation is 100/sec, 
the monosynaptic reflex discharge of the extensor motoneurone pool is 
profoundly inhibited, or may even be completely abolished, during the 
stimulation period of 10 sec (Fig. 2a). At the end of the stimulation the 
height of the reflex discharge resumes its pre-stimulation level without 
any marked fluctuations being apparent; in particular, the reflex depres- 
sion during the stimulation period does not appear to be followed by any 
rebound potentiation. It must be pointed out, however, that as the mono- 
synaptic reflexes were elicited at rates not greater than 1/sec, rebounds 
lasting less than 1 sec may have been missed. 

With a stimulation rate of 25/sec (equivalent to 250 iia’, the height of 
the reflex fluctuates during the stimulation from a maximum level 50% 
below the control height in the initial 3 sec of stimulation to a fairly 
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steady level 50% above the control height during the final 4 sec of the 
stimulation period (Fig. 2b). At stimulation rates of 10/sec, corresponding 
to the delivery of 100 pulses, the monosynaptic reflex was potentiated, 
teaching a level 60% greater than the control height in the final 3 sec 
of stimulation (Fig. 2c). 

_ In spite of the low intensities of the stimulating currents, it was impor- 
tant to obtain positive evidence from control experiments that these 
effects were not due to escape of stimulating current or to artifacts. These 
control experiments were carried out by freezing the anterior lobe for a 


R. discharge height (% of control) 


Fig. 2. Effect of repetitive stimulation of the vermis of the anterior lobe of the 
cerebellum on the height of the monosynaptic reflex discharge evoked by stimula- 
tion of the gastrocnemius nerves. Ordinates: height of the monosynaptic reflex ex- 
pressed as percentage of the mean height of the reflex before stimulation. Abscissae: 
time. The reflex was elicited once every second. The duration of the stimulation is 
10 sec, and is indicated by the lines under the graphs. The frequency of stimulation 
is 100/sec in a, 25/sec in b and 10/sec in c. Current intensity 0-05 mA, 1 msec pulses. 


period sufficiently long to abolish the resting ‘spontaneous’ electrical 
activity of the cerebellar cortex and the evoked cortical potentials caused 
by stimulation of the central end of the tibial nerve. It was found that if 
the anterior lobe is frozen with a piece of solid carbon dioxide, the spon- 
taneous electrical activity and the cortical waves decrease and disappear, 
and that they reappear 30-35 sec after removal of the piece of solid carbon 
dioxide and application of paraffin oil at 38° C, and then slowly grow to 
the pre-cooling level. If the effects of cerebellar stimulation were due to 


escape of current, they should not be abolished by cooling of the region. — 


under the stimulating electrode. In fact it was found that the mono- 
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synaptic reflex was not affected by stimulation of the anterior lobe after 
freezing of the cortex under the electrode and that the effects of cerebellar 
stimulation reappeared after rewarming of the frozen region. 
The possibility had to be excluded that the stimulation of the anterior 
Jobe might, by itself, cause a discharge of impulses from the spinal moto- 
neurones, and that any reflex occurring during the subnormal period 
subsequent to a discharge induced by the cerebellar stimulus might appear 
reduced compared with the reflex discharge in the control period. In our 
experience, however, cerebellar stimulation has never, by itself, brought 
about a discharge from the spinal motoneurones (Figs. 4, 7 and 13). 
At the gain used in our experiments we were able to detect even random 
action potentials in the anterior roots in a few occasional preparations and 
_ it is therefore certain:that had a discharge been brought about by. cere- 
bellar stimulation, it would have been detected. 

Inspection of the records of the monosynaptic reflex during the period 
of stimulation, taken on fast time base, did not show any change in the 

_ shape and duration of the reflex discharge. The greater height of the reflex 
- gannot therefore be accounted for by superimposition of a new and ex- 
traneous potential wave on that signalling the-reflex discharge (Figs. 4, 13). 

It has already been stated that one of our aims was the study of the 
cerebellar effects in the absence of an operative y loop. In all preparations 
the loop was effectively interrupted by the extensive surgical denervations 
already described. It was, however, necessary to exclude that the effects 
obtained might be secondary to changes in the activity of the y outflow 
to the muscles of the body wall and of the forelegs, and to consequent 
variations of the spindle afferent inflow. Exclusion of such effects by 
extensive de-afferentation and/or de-efferentation of this muscle mass is 
not a practical proposition; the elimination of these possible variations 
in afferent inflow was achieved by causing the paralysis of the intrafusal 
muscle fibres of the spindles by intravenous injection of paralysing doses 
of tubocurarine (Hunt, 1952). The presence of a complete muscular block 
was demonstrated by using as a test object the popliteal nerve-gastro- 
cnemius-soleus muscle preparation stimulated by single shocks applied to 
the popliteal nerve. It was found (Fig. 3a, b) that the height of the mono- 
synaptic discharge during the pre-stimulation period is not unaffected 
by the neuromuscular block; after the injection of tubocurarine the height 
_ of the monosynaptic reflex is about 26% smaller than the control height 
before establishment of the block, and the reflex discharge is steadier and 
more regular. But the depression of the reflex during stimulation of the 
anterior lobe still persists after muscular paralysis (Fig. 3), thus indicating 
that the effects described are independent of the operation of the y loop 
and spindle afferent discharge of the muscle in other regions of the body. 
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The experiments described so far demonstrate the general trend of 


effects of cerebellar stimulation and the qualitative resemblance of such 
effects on the monosynaptic reflex on one hand and on decerebrate muscular 
tone on the other. They are open to the objection that the number of 
applied stimuli and the duration of the stimulation period are such that 
the type of activity, induced in the cerebellum and in the brain stem 
structures to which the cerebellum projects, may be quite unrelated to 
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‘Fig. 3. Photographic and graphic illustrations of the effects of repetitive stimulation 
of the vermis of the anterior lobe on the height of the monosynaptic reflex discharge 
evoked by stimulation of the gastrocnemius nerves, a, before and b, after intra- 
venous injection of a paralysing dose of tubocurarine. Ordinates and abscissae as 
Fig. 2. The reflex was elicited once every second. Duration of the stimulation is 
10 sec and is indicated on the electrical records by the omission of the signal on 
the lower beam, and on the graphic illustrations by the lines under the graphs. 
Stimulus parameters; 100/sec, 0-05 mA, 1 msec pulses. The electrical records 
were obtained with a brightening-up technique. ) 


the normal function of these structures. Furthermore, it is impossible to 
determine the temporal course of the effects with such stimulation tech- 
nique. For these reasons experiments were carried out with shorter 
stimulations of the anterior lobe, but they had the drawback of yielding 
smaller batches of reflex responses during the stimulation period, the more 


so if very brief trains of stimuli were used. In some experiments a dif- 


ferent stimulation procedure was therefore used: trains of, say, 25 pulses 


were delivered to the anterior lobe and one monosynaptic reflex was 


elicited at different intervals after the end of each train of 25 stimuli. 
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It was found (Fig. 4) that the monosynaptic reflex is potentiated when it 
occurs from 25 to 40 msec after the end of the train of cerebellar stimuli. 
3 | Whether this constituted a brief rebound could not be determined, as it 1 
was impossible, in this type of experiment, to establish whether there was | 
an inhibitory phase preceding the potentiating phase. 

It may be concluded therefore that when the monosynaptic reflex is 
| | taken as a measure of the excitability of spinal motoneurones and when 
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Fig.4 Fig. 5 
Fig. 4. Effect of a conditioning train of 25 stimuli to the vermis of the anterior 
lobe of the cerebellum on the height of the monosynaptic reflex discharges recorded 
) at varying intervals after the end of the stimulation. Time scale 50 c/s. The reflex 
was elicited, a, 2 msec, b, 25 msec, c, 30 msec, d, 40 msec and e, 50 msec after the 
end of the train of stimuli. The height of the unconditioned reflex discharge was as 
in é, 


Fig. 5. Effects of repetitive stimulation of the anterior lobe of the cerebellum on the 
height of the monosynaptie reflex discharge evoked by stimulation of the ham- 
string nerves. Ordinates and abscissae as Fig. 2. The reflex was elicited approxi- 
mately every 2 sec. The duration of the stimulation is 10 sec and is indicated by 
the lines under the graphs. a, stimulation of the vermis, 6 and c, stimulation 
_ of the homolateral and contralateral paravermian zones. Stimulation parameters ; 
100/sec, 0-75 mA, 1 msec pulses. | 
PHYSIO. CXLIX 


i 
ie 
t 
4 a 
i 
| 
> 
¥ 
q 
F 
4 
r 
4 
4 
¥ 
4 
¢ 
| 


636 1.CALMA AND G.L. KIDD 


the experiments are carried out in conditions in which the y outflow and 
the afferent inflow from the body musculature are eliminated, repetitive 
stimulation of the anterior lobe of the cerebellum causes variable effects 
on the excitability of spinal motoneurones. The effects vary according to 
the frequency of stimulation, to the number of pulses and to the time 
relations of the cerebellar stimuli with the reflex stimulus. 


Flexor motoneurones 

When the monosynaptic reflex is elicited in similar experimental condi- 
tions by stimulation of the central end of the cut nerve to a hamstring 
muscle, so as to test the excitability of the flexor motoneurones, stimulation 
of the anterior lobe of the cerebellum at frequencies of 100/sec results in 
a depression of the reflex. In Fig. 5 are illustrated the results of an experi- 
ment in which the anterior lobe was stimulated for 10 sec with pulses of 
0-75 mA and 0-5 msec duration at a frequency of 100/sec. This results in 
a depression of the reflex, which is more marked when the stimulation is 
applied to the paravermian areas (Fig. 5b, c) than when it is applied to the 
vermis of the anterior lobe (Fig. 5a). 

These experiments indicated therefore that the effects of cerebellar 
stimulation on the spinal motoneurones vary not only according to the 
frequency and number of stimuli but may also vary according to the region 
of the cortex which is stimulated. In view of the complex results obtained 
with repetitive stimulation an attempt was made to find whether better 
definition of the temporal course and of the possible localization of the 


effects might be obtained from the use of single stimuli applied to different 


areas of the anterior lobe cortex. 


Effects of single shocks applied to the anterior lobe on the monosynaptic reflex 

When the monosynaptic reflex is elicited in the spinal and decerebrate 
preparations at repetition rates of one reflex every. 1-2 sec, the reflex 
discharge undergoes fluctuations in the absence of any observable change 
in the experimental conditions and of any demonstrable causal factor. 
The effects of cerebellar stimulation on the monosynaptic reflex have 
therefore to be assessed against this variable background of reflex activity. 
The standard deviation from the mean height of the reflex varies consider- 
ably in different preparations, but in a very few experiments only it has 
been too great, relative to the experimentally induced changes, to impair 
the significance of the results, if the measurements were taken over a 
sufficiently large number of reflexes. In any case, if it is intended to 
study the effects of a cerebellar conditioning stimulus on a test reflex 
discharge, it is necessary to determine the statistical significance of any 
differences between the height of the reflex discharge in batches of reflexes 
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not preceded by cerebellar stimulation and in batches in which the mono- 
synaptic reflex has been conditioned by a preceding cerebellar stimulus. 
This statistical analysis becomes even more necessary if we are to detect 
small changes of motoneurone excitability caused by cerebellar stimuli 
of low current, the use of minimal intensities of stimulation being essential 
if spread of activity or escape of stimulating current along and across the 
folia is to be minimized. The procedure used in these experiments con- 


sisted of recording alternative batches of 6—10 reflexes with and without 


cerebellar conditioning at a given interval between the cerebellar céndition- 


_ing stimulus and the reflex stimulus. This procedure was repeated with 


the conditioning stimulus to the cerebellum preceding the test stimulus 
by different time intervals. It was thus possible to determine the time 
course of the cerebellar effects. The conventions used in the preparation of 
the figures have already been indicated. 


Extensor motoneurones 


Stimulation of the vermis of the anterior lobe with an electrode placed 
in the median region and with single shocks of a current of 0-045 mA, 
just sufficient to bring about minimal effects on the monosynaptic reflex 
elicited by stimulation of the gastrocnemius nerve, results in a potentiation 
of the reflex discharge. This potentiation (Figs. 6a, 7a, b, 8a) becomes 
first apparent when the interval between the conditioning cerebellar 
shocks and the reflex test shock is not less than 8-10 msec. The 
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Fig. 6. Effects of a single conditioning stimulus to the vermis of the anterior lobe of 
the cerebellum on the height of the monosynaptic reflex discharge, evoked by 
stimulation of the gastrocnemius nerves. Ordinates: mean height of a batch of 
cerebellar conditioned monosynaptic reflex discharges expressed as percentage of 
the mean height of 2 batches of unconditioned reflexes. Abscissae: conditioning 
stimulus—test reflex stimulus intervals in msec. a, cerebellar conditioning stimulus 
0-045 mA, 1 msec; b, 0-06 mA, 1 msec. 
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potentiation becomes more marked at conditioning-test shock intervals of 
25-30 msec and declines thereafter smoothly and disappears at intervals 
of about 60 msec. The intensity of the potentiation varies considerably 
in different preparations; at the peak of the potentiation the height of 
the cerebellar conditioned reflex discharge is 25-40% greater than the 
control reflex height. 


Fig. 7. Photographic records of individual reflexes obtained in the experiment of 
Fig. 6a. A and B, unconditioned and cerebellar-conditioned monosynaptic reflex 
discharges respectively. a, b, c, d and e, intervals between the cerebellar condi- 
tioning and the test reflex stimulus were respectively 5, 8, 15, 25 and 30 msec. 
The point of cerebellar stimulation is indicated by the signal on the lower beam. 


If the current delivered by the conditioning cerebellar shock is increased 
from 0-045 to 0-06 mA (Fig. 6b), thie potentiation develops as just described 
in its early course, but there follows a period during which the mono- 
synaptic reflex is depressed. This depression begins to be evident at con- 
ditioning-test shock intervals of 25-40 msec, reaches a maximum value 
at intervals of 50-70 msec, and is usually over at 80 msec. 

The pulses which produce these effects have strengths and durations 
of the same order as those causing potentiation or depression of the reflex 
discharge on repetitive stimulation. As the control experiments have shown 
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that the effects of repetitive stimulation are not due to escape of the 
stimulating current to other regions of the brain stem, it is most unlikely 
that this may happen with single shock stimulation. At all events, evidence 
will be presented later that cooling of the anterior lobe region, to which the 
stimulating electrode is applied, abolishes these effects, which must there- 


- fore be regarded as originating from the cortex of the anterior lobe. 


There are several possible interpretations of these results, but excluding 


the more complex possibilities, two main alternative explanations may 


be put forward. The first hypothesis entails the presence in the vermis 
of the anterior lobe of two different types of neurones with different electri- 


eal thresholds and projections on different brain-stem nuclei having oppo- 


site effects on the spinal motoneurones; the low-threshold neurones would 
mediate potentiation and the high-threshold ones depression of the mono- 
synaptic reflex. The second hypothesis is that the depressant effects on the 
monosynaptic reflex obtained with higher currents of stimulation are 
brought about by activation of other regions of the anterior lobe, either 
by physical spread of the stimulus or by impulses originating at the point 


_of stimulation and transmitted from there in neural pathways. A corollary — 


of this second hypothesis is that the lateral regions of the anterior lobe 
should exert, when stimulated in isolation, a depressant effect on the 
motoneurones and that stimulation limited to the vermis should result 
in a potentiating effect on the spinal motoneurones. The experiments 


which will now be described were designed to obtain evidence on these 
different interpretations. — 


If the lateral regions of the anterior lobe have a depressant effect on 
the spinal motoneurones, stimulation localized to the paravermian cortex 
should yield depression of the monosynaptic reflex. On the other hand, 
should the stimulation of the paravermian region spread physically or 
through neural pathways to the vermal cortex, early potentiation and 
subsequent depression of the spinal motoneurones should result. Such 
temporal order of the two effects is dictated by the results already described . 
(Fig. 6b), which at the shorter intervals show a net prevalence of the poten- 
tiation of the reflex. 

The test of this hypothesis gave the following results: Stimulation of the 
ipsilateral paravermian cortex with single pulses of 0-06 mA and 1 msec 
duration causes depression of the monosynaptic reflex discharge (Fig. 85). 
The depression is apparent at conditioning-test shock intervals of about 
10 msec and, although rather irregular in magnitude, it is still evident 


_ 90-100 msec after the cerebellar conditioning shock, In agreement with 


the working hypothesis outlined above, when the current of the con- 
ditioning cerebellar shock is from 0-06 to 0-12 mA, in an attempt to involve 
not only the paravermian but the vermal cortex as well, the monosynaptic 
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reflex is potentiated from 10 to 50 msec after the cerebellar stimulus and 
is depressed from 50 to 70 msec (Fig. 8c). On the other hand, stimulation 
of the vermis in the same preparation with weak shocks causes potentia- 
tion of the monosynaptic reflex discharge (Fig. 8a); the stimulus para- 
meters used here were identical to those which on the paravermian cortex 
yielded depression of the reflex (Fig. 85). | | 


125-- 


Fig. 8. Effects of a single cerebellar conditioning stimulus to different regions of 
the anterior lobe on the monosynaptic reflex discharge. Ordinates: mean height of 
a batch of cerebellar conditioned monosynaptic reflex discharges expressed as 
percentage of the mean height of 2 batches of unconditioned reflexes. Abscissae: 
conditioning stimulus-test reflex stimulus intervals in msec. In a and b, 0-06 mA, 
1 msec pulse to the vermis and homolateral paravermis respectively ; in c, 0-12 mA, 
1 msec to the homolateral paravermis. 


These results show that weak stimulation of the paravermian cortex 
produces depression of the monosynaptic reflex, whereas similar stimula- 
tion of the vermis causes potentiation of the reflex. The duration of the 
two effects is generally different, the depression, in the majority of experi- 
ments, outlasting the potentiation by about 40-50 msec. It is sufficient 
to increase the strength of the stimulating shock to cause the appearance 
of the pattern of potentiation followed by depression of the reflex, the 
two processes presumably coexisting in the early period following the 
—o cerebellar shock, but with net prevalence of the potentiating 
effect. 


The presence of two different areas mediating respectively potentiation 
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and depression is indicated by experiments involving local cooling of 
sections of the anterior lobe cortex and surgical separation of the con- 
-nexions between them. 

Localized cooling of the anterior lobe. Application of small pieces of solid 
carbon dioxide to the vermis of the anterior lobe abolishes the spontaneous 
électrical cortical activity and causes the disappearance of the cortical 
waves in response to electrical stimulation of the afferent fibres in a peri- 
pheral nerve. These effects of localized freezing are only temporary, as 
the spontaneous electrical activity and the cortical potentials due to 
afferent stimulation reappear quickly when the piece of solid carbon 
dioxide is removed and the vermis is rewarmed by application of warm 
mineral oil at 38° C. This form of freezing is also well localized, involving 
only the region to which the solid carbon dioxide is applied and sparing 
- cortical points some 3mm outside the frozen area. These effects are 
illustrated in Figs. 8, 9 and 10, obtained in an experiment in which the 
vermis of the anterior lobe was frozen. Before freezing, the cortical 
potentials caused by the delivery of a single shock to the left tibial nerve 
were recorded from the left paravermian cortex (Fig. 9 Aa), from the right 
paravermian cortex (Fig. 9Ba), from the posterior folia of the culmen 
(Fig. 9Ca) and from the anterior folia of the lobulus centralis (Fig. 9 Da). 
_ The points to which the recording electrodes were applied were approxi- 
mately 3mm away from the edge of the area which by its powdery and 
intensely white appearance denoted that the freezing effect had taken — 
place. The records of the cortical potentials did not alter appreciably 
when cooling was carried out (Fig. 9A, a-f; Bb; Cb; Db): they retained 
their component wave forms typical of the cerebellar cortex response to 
_ afferent volleys and are practically indistinguishable at the beginning of 
vermal cooling and 75 sec later (Fig. 9A, a—f). That during this period 
the vermis was put out of action is indicated by records of the spontaneous 
cortical activity and of the potential waves in response to afferent stimula- 
tion obtained from the frozen area of the vermis after removal of the piece 
of solid carbon dioxide and application to the cortex of mineral oil at 
38° C (Fig. 10). It is clear that the usual spontaneous cortical activity 
of the vermis is abolished, that the magnitude of the cortical waves is 


greatly reduced and that their complex wave form is considerably simpli- 


fied (Fig. 10.46; Bb). The usual type of cortical activity begins to be again 
prominent in records obtained 30 and 35sec after the end of freezing 
(Fig. 10 Ae; Be) and appears to be normal about 40-45 sec after removal of 
the piece of solid carbon dioxide (Fig. 10 Af; Bf). 

Use was made of the localized and temporary effects of this form of 
cooling to identify the two cortical areas yielding opposite effects on the 
spinal motoneurones. 
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The effects of vermal cooling on the depression of the excitability of spinal 
motoneurones caused by vermal stimulation. Positive evidence that the 
depression of the monosynaptic reflex caused by single shock stimulation 
of the vermis (Fig. 66) is not due to spread of electrical current to the 
mid-brain regions has not yet been given. Furthermore it has not yet 
been shown whether, if this depression of spinal motoneurones is due to 
spread of activity to the paravermian cortex, this spread is brought about 
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Fig. 10 
Fig. 9. Cerebellar potentials evoked by stimulation of the left tibial nerve before 
and during localized cooling of the anterior folia of the culmen. A, records taken 
from the left paravermis; B, from the right paravermis; C, from the posterior folia 
of the culmen, and D, from the anterior folia of the centralis. Aa, control record 
before cooling; Ab-—Af, records taken every 15sec throughout the period of 
cooling ; Ba, Ca and Da, control records before cooling; Bb, Cb and Db, records 
obtained during cooling. Time marker 50 c/s. 


Fig. 10. Spontaneous, A, and evoked, B, cerebellar potentials recorded from the 
vermis before and after cooling of the vermis under the recording. electrode. | 
Aa and Ba, records before cooling; Ab-—Af, spontaneous cerebellar potentials 
recorded every 10 sec from the end of cooling. Bb—Bf, evoked cerebellar potentials 
recorded 5, 15, 25, 35 and 45 sec after the end of cooling. Time marker 50 ¢/s. 


The evoked potentials were obtained by stimulation of the central end of the tibial 
nerve. 
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by impulses through neural pathways connecting the vermis to the para- 
- yermian area directly or indirectly or to escape of current from the stimu- 
lated point. It will now be shown that freezing of the vermis greatly 
reduces the depression of the monosynaptic reflex of extensor moto- 
neurones and that bilateral cooling of the paravermian cortex abolishes 
this effect completely. 
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Fig. 11. Effects of a single cerebellar conditioning stimulus to the vermis of the 
anterior lobe on the height of a test monosynaptic reflex discharge, evoked about 
50 msec after the conditioning cerebellar stimulus. a, individual unconditioned 
monosynaptic reflex discharges expressed in arbitrary units; b, individual cerebellar 
conditioned monosynaptic reflex discharges expressed as percentage of the mean 
of the controls shown in a. A, before cooling; B, with the vermis under the stimu- 
lating electrode inactivated by cooling; C, after rewarming the vermis to 38° C; 
D, after inactivating by cooling the paravermian regions bilaterally. For details 
see text. 


In the experiment shown in Fig. 11, stimulation of the vermis with 


single shocks produced the usual early potentiation followed by a depres- 


sion of the monosynaptic reflex, the maximal depression being obtained 
at an interval of 48 msec between the vermal conditioning shock and the 
reflex stimulus. The cerebellar conditioning—test shock interval was now 
set at, about 50 msec, so that the reflex occurred during the inhibitory 
phase and was depressed by 30% compared with the unconditioned 
reflex discharge height (Fig. 11Aa, b). A new series of unconditioned 
control reflexes was now taken (Fig. 11 Ba) and immediately afterwards 
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a small pellet of solid carbon dioxide was applied to the vermis, and left 
in place for about 1 min. The pellet was then removed and a series of 
reflexes conditioned by vermal stimulation was recorded (Fig. 11 Bb). 
Freezing of the vermis resulted in a reduction of the depression caused 
by vermal stimulation: the reflex discharge was now reduced only by 
10% in relation to the control reflex discharge recorded before freezing. 


It may be concluded from this experiment that at least two-thirds 


of the depressant effect of vermal stimulation is abolished by freezing 
the vermis, and that this portion of the effect is not due to escape of 
current to the mid-brain or to other regions of the anterior lobe. However, 
the fact that the monosynaptic reflex is still slightly depressed by the 
conditioning vermal shock after the vermis has been frozen, means that, 
in this experiment at least, some inhibitory region could still be activated 
by vermal stimulation. It was important to establish that this region was 
part of the anterior lobe of the cerebellum, and that it could be identified 
as the paravermian cortex. | 


Rewarming of the vermis was therefore carried out in the same prepara- | 


tion of Fig. 11 and the records of Fig. 11Ca, b show that the depression 
of the monosynaptic reflex is still present; in fact the reflex depression is 
even larger than before the vermis was frozen. Pellets of solid carbon 
dioxide were now applied to the paravermian cortex of both sides and 
the amount of inhibition caused by a cerebellar conditioning shock was 
determined again. It is seen that after bilateral cooling of the para- 
vermian cortex the depressant effect of vermal stimulation is completely 
abolished (Fig. 11 Da, b). | 

It may therefore be concluded that the paravermian cortex is responsible 
for the depressant effect on the monosynaptic reflex, as the effect dis- 
appears when this region of the anterior lobe is cooled. Furthermore, it 
is apparent that the activation of the paravermian cortex from the 
stimulated vermal point takes place mainly by means of neural connexions 
_and only slightly by escape of current, as the paravermian depressant 
effect is very greatly reduced by vermal freezing. 

Effects of surgical separation of the vermis from the paravermian cortex. 
A surgical section carried out bilaterally, parallel to the paravermian 
veins and about 1 mm medially to them, reaching a depth of 0-8-1 cm 
from the surface of the anterior lobe, effectively isolates the vermis from 
the paravermian cortex. According to the working hypothesis which 
forms the framework of these experiments, when the vermis is stimulated 
after the section, any effect produced by the activity of the para- 
vermian cortex should disappear, but the vermal effects should persist. 
This type of experiment is illustrated in Figs. 12 and 13. Single shock 
stimulation of the vermis with a current somewhat higher than that 
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causing pure potentiation of the monosynaptic reflex results, as would be 
expected, in an early potentiation of the extensor monosynaptic reflex, 
followed by a more delayed depression of the reflex (Fig. 12a). Surgical 
isolation of the vermis from the paravermian cortex was then carried out 
along the lines and at the depth specified above, and alternate series of 
unconditioned and vermal-conditioned reflexes were recorded, with the 
same parameters of stimulation as in the previous runs. It was found that 
the control unconditioned reflexes were much greater than the controls 


10 20 30 40 50 60 70 80.90. 
msec 


Fig. 12. Effects of a single conditioning stimulus to the vermis of the anterior lobe 
on the height of the monosynaptic reflex discharge evoked after the cerebellar 
conditioning stimulus, Ordinates: mean height of a batch of cerebellar conditioned — 
monosynaptic reflex discharges expressed as percentage of the mean height of | 
2 batches of unconditioned reflexes. Abscissae: conditioning stimulus-test reflex 
stimulus intervals in msec. a, before and 6, after isolating the vermis from the 
paravermis as described in the text. 


before the lesion was made (Fig. 13), in conformity with the results obtained 
in experiments involving the cooling of the anterior lobe. The effect of 
_-vermal conditioning shocks is still to cause the early potentiation of the 
reflex (Figs. 126, 13) and the potentiation is not cut short by the develop- 
ment of the depressant phase. Some potentiation is still present at an 
interval of 100 msec between the cerebellar conditioning shock and the 
reflex test shock ; this longer duration of the effect, compared with previous 
experiments, being almost certainly due to the stronger currents used 
purposely in this case. 

Histological inspection of the cerebellum at ythe end of the experiment 
has shown that the sections not only cut across the grey substance of the 
folia medially to the paravermian veins, but also isolated the paravermian 
cortex from the deep nuclei; they also isolated the most lateral regions of 
the vermis from the nuclei, but left the medial vermal region undamaged. 
Exclusion of part of the vermis by the lesion probably accounts for 
the smaller potentiating effect recorded after the lesion. 
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However, the important fact is that, in conformity with the hypothesis 
put forward; only the potentiating effect of cerebellar stimulation can be 
obtained after such surgical interference. This result supports and confirms 
the theory of the existence of two areas with opposite effects on the spinal 
motoneurones. Furthermore, these results rule out the objection that 
the effects previously described in this paper may be due to — of 
stimulating current to organs other than the cerebellum. 


Fig. 13. Same experiment as in Fig. 12. Individual reflexes A, before and B, after 
isolation of the vermis from the paravermis as detailed in the text. Aa, Ac, Ba, Bc, 
unconditioned reflexes; Ab, Ad, cerebellar conditioned reflexes at 15 and 65 msec 
intervals, and Bb, Bd at 15 and 75 msec intervals, between the cerebellar stimulus 
and the reflex stimulus. The point of the cerebellar conditioning stimulus is 
indicated by the signal on the lower beam. 


Flexor motoneurones 


Stimulation of the central end of the cut nerve to a hamstring muscle 

elicits a reflex discharge which has been taken as a measure of the excit- 
_ ability of the flexor motoneurones. When such stimulus is preceded by 
a conditioning cerebellar shock by varying intervals, it is possible to plot, 
as has already been done for the extensor motoneurones, the temporal 
course of the cerebellar effects. It was found that such cerebellar effects 
do not vary greatly either qualitatively or quantitatively, whether the 
cerebellar stimuli are applied to the ipsilateral or the contralateral para- 
vermian areas or to the vermis of the anterior lobe. The cerebellar con- 
ditioning shock causes depression of the flexor motoneurones. This 
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depression appears at first 20 msec after delivery of the cerebellar stimulus; 
then it increases, reaches a maximum value at 40 msec and declines slowly 
(Fig. 14a, 6, c). In conclusion, all areas of the anterior lobe of the cerebel- 
lum exert a depressant effect on the flexor motoneurones. 


msec msec 
110-10 


0 


Fig. 14. Effects of a single cerebellar conditioning stimulus 6b, onthe vermis, and 
« and c, on the homolateral and contralateral paravermian regions, on the height 
of the monosynaptic reflex discharge evoked by stimulation of the hamstring 
nerves, Ordinates: mean height of a batch of cerebellar conditioned monosynaptic 
reflex discharges expressed as percentage of the mean height of two batches of 
unconditioned | reflexes. Abscissae: conditioning stimulus—test reflex stimulus 
intervals in msec. Cerebellar conditioning stimulus: 0-045 mA, 1 msec. : 


DISCUSSION 


It is rather surprising that experiments involving the stimulation of the 
_ anterior lobe of the cerebellum should still yield novel and interesting 
results some sixty years after their inception (Sherrington, 1898). The 
results presented in this paper show conclusively that stimulation of the 
anterior lobe has a powerful effect on the monosynaptic reflex discharge. 
But before it can be said that this effect occurs through an action on the 
a motoneurones, it must be shown that the changes in the reflex discharge 
are not brought about by variation in the number of y fibres involved in 
the reflex activity and contributing to the ventral root discharge. In some 
experiments this possibility can be safely excluded, because the mono- 
synaptic reflex may be completely abolished by cerebellar stimulation, 
indicating that even if the y fibres were recruited in the reflex there must 
have been an inhibitory effect on the « motoneurones. But it appears 
that the y motoneurones cannot be activated monosynaptically (Hunt & 
Paintal, 1958) and that they cannot therefore contribute to the anterior 
root discharge of the monosynaptic reflex. For these reasons the changes 
observed in the magnitude of the monosynaptic reflex must be due to a 
eerebellar action on the « motoneurones. 
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The bewildering variety of different effects on extensor and flexor muscle 
tone and reflex contractions described in the literature (Moruzzi, 1958) 
is, in part at least, explained by the results presented in this paper, two 
aspects of which will be considered for comment: the identification of two 
areas with different functional properties and the mechanism by which these 
effects are brought about. 


Identification of two functional divisions of the anterior lobe 

The recognition of the vermal potentiating and the paravermian inhibi- 
tory areas for extensor motoneurone pools was made possible in these 
experiments by the use of minimal single stimuli, by local freezing of 
different parts of the anterior lobe and by the adoption of a sensitive index 
of excitability of spinal motoneurones whose working was not complicated 
by changes in the level of afferent inflow from the muscle receptors, caused 
by and concurrent with the changes in muscle tone produced by cerebellar 
stimulation. The discrepancies in the results of repetitive cerebellar stimu- 
lation reported in the literature indicate that repetitive stimulation is not 
the most suitable technique to assess the function of the anterior lobe, 
partly perhaps owing to the type of activity induced in the cortex and 
the structures to which it projects, partly owing to the impossibility of 
following closely the temporal course of these effects, above all when 


the chosen index of activity is the level of decerebrate muscle tone, and 


partly owing to the unavoidable spread of the stimulating current and 
to the irradiation of neural activity from the stimulated area. 

‘The recognition of two areas within the anterior lobe seems to be 
supported by considerations of comparative anatomy and embryology 
(Jansen, 1954) and by differences in the cortico-nuclear projections (Jansen 
& Brodal, 1940). It is furthermore indicated by some results obtained 
with repetitive stimulation of the cerebellum, although the value of this 
evidence is made uncertain by discrepancies in the results so far reported. 
Thus Hampson, Harrison & Woolsey (1945, 1952) and Moruzzi (1947) 
_ obtained inhibition of decerebrate muscle tone in cats and dogs from 
stimulation of the vermis, and potentiation from stimulation of the para- 
vermian area of the anterior lobe. Sprague & Chambers (1954), on the 
other hand, obtained opposite results. Moruzzi & Pompeiano (1957) 
obtained potentiation of ipsilateral decerebrate rigidity from faradic 
stimulation of the vermis after destruction of the rostrolateral part of 
the nucleus fastigii in the cat, and bilateral inhibition after bilateral lesions 
of the rostromedial fastigii. These results fit to some extent those pre- 
sented in this paper. Assuming that the Purkinje cells’ axons to the deep 
nuclei of the cerebellum are oriented in a strict and orderly mediolateral 
arrangement, according to the findings of Jansen & Brodal (1940), it 
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would be expected that the rostromedial fastigii should be anatomically 
related to the medial vermis and the rostrolateral portion of the fastigii 
to the lateral vermis of the anterior lobe. The results of Moruzzi & 
Pompeiano (1957) may therefore be interpreted as indicating the existence 
of a medial vermal potentiating area and of a more lateral vermal inhibit- 
ing zone. The discrepancy between our results and those of Moruzzi & 
Pompeiano lies in the location of the inhibitory area: our results point 
to a location of the inhibitory area in the paravermian cortex and not in 
the vermis. 

It must be recognized, however, that the proposed division of the anterior 
lobe into vermal potentiating and paravermian inhibitory zones is a rough 
delimitation. It does not imply any sharp division of the two areas and 
we have no indication as to the extent of any possible overlap. 

We have considered whether results similar to those reported in this 
paper may be caused by an admixture, in the cerebellar cortex of the 
anterior lobe, of potentiating and inhibitory neurones, which would be 
present in different proportions in the medial and lateral areas, or by the 
different orientation of neurones in the two areas, causing their opposite 
behaviour under the stimulating current. The presence, however, of these 
two types of neurones has never been demonstrated convincingly. Fur- 
thermore, in the experiments here reported, the flexor motoneurones have 
been inhibited from all parts of the anterior lobe, irrespective of any 
concurrent inhibiting or potentiating effect on the extensor motoneurones, 
and no flexor potentiating effect has ever been noted. In any case there 
is little to choose between a theory involving two functionally different 
cortical areas and a theory demanding two types of neurones present in 
different proportions in two different cortical areas. 


The mechanism of action of the anterior lobe 


Recent investigations on cerebellar physiology have been greatly influ- 
enced by the demonstration by Granit & Kaada (1952), Eldred, Granit — 
& Merton (1953) and Granit et al. (1955) of the action of the cerebellum — 
and other supraspinal structures on the fusimotor y outflow. It has been 
postulated also that the cerebellum is acting as a neural switch, channelling 
the motor activity to the y outflow, while in the absence of the cerebellum — 
the motor activity is directed to the « motoneurones. 

These important ideas were the result of investigations in which the 
spindle afferent discharge and the muscular tension were simultaneously 
recorded. It was found that in the presence of an active cerebellum the . 
beginning of the reflex movement is preceded by the spindle afferent dis- 
charge, thus pointing to the precedence of y over « activation. The two 
events came to be considered as cause and effect, although it has never 
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been shown that the number and the rate of discharge of the active spindles 
were sufficient by themselves to cause and maintain the recorded muscular 
contraction. There are, however, experiments in which, in spite of an 
increase or decrease of spindle afferent inflow, the muscular tension does 
not appear to change (Granit & Kaada, 1952, figs. 1, 2, 7, 8 and 14; 
Eldred et al. 1953, fig. 13). Granit (1955) pointed out these discrepancies 
when he wrote: ‘When stimulating various regions in the brain stem, 
one can easily demonstrate that under maintained iterative stimulation 
of long duration the tendon jerk may come and go seemingly independent 
of the amount of spindle firing.’ 

These paradoxical results might imply that the cerebellum and other 
-supraspinal structures act not only on y but also on « motoneurones, and 
that these actions may even be in opposite directions, so that an increase, 
say, of y activity may be accompanied by an inhibitory action on « moto- 
neurones. Thus the idea of a cerebellar switch does not appear to describe — 
the action of this organ fairly. 

As to the nature of the cerebellar action on the « motoneurones, our 
results indicate a more complex action than previously suggested. The 
experiments by Stella (1944a, 6) on the rigidity in decerebellate and 
de-afferented preparations and those of Granit et al; (1956) on the poten- 
tiating effect of cerebellar ablation on the post-tetanic potentiation of 
the monosynaptic discharge provide evidence for a simple tonic inhibitory 
action of the anterior lobe on « motoneurones. Our results, on the other 
hand, show that the vermal and paravermian divisions of the anterior 
lobe are capable of activating mechanisms both for the excitation and 
inhibition of the « cells. It would follow that the function of the cerebellum 
has to be thought of in terms of the co-ordination of « activity in relation — 
to the y activity and that such regulation can be brought about by a 
double mechanism of excitation and inhibition for each of the two « and 
y motor divisions. | 
. An interesting finding is the difference in the rate of development of 
the excitatory and inhibitory cerebellar effects on spinal motoneurones: 
_ the potentiating effect is in fact predominant over the inhibitory process 
in the first 30 msec after cerebellar stimulation. This finding may well 
indicate that different brain-stem nuclei and spinal pathways are involved 
in the two events or that different segmental spinal mechanisms are in 
action. As a preliminary step in investigating the spinal mechanisms, 
the question of whether the cerebellar potentiation is brought about by 


the discharge of motoneurones previously in the subliminal fringe is ag 
studied at the moment. 
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SUMMARY 


1. In : denies cats the action of the anterior lobe of the cerebellum 
on the « motoneurones was determined by using as index the mono- 
synaptic reflex discharge of extensor and flexor motoneurone pools, in 


- eonditions in which the operation of the y loops was eliminated. 


- 2. Cooling the anterior lobe of the cerebellum causes potentiation of 
the monosynaptic reflex discharge of extensor and flexor « motoneurones. 

3. Repetitive stimulation of the anterior lobe of the cerebellum inhibits 
the monosynaptic reflex discharge of extensor « motoneurones at stimula- 
tion frequencies of 100/sec, and potentiates it at frequencies of 10/sec. Inter- 
mediate frequencies of stimulation yield mixed effects, with an inhibitory 
phase preceding a potentiating phase. 

4, Single shocks of low intensity to the vermis of the anterior lobe of 
the cerebellum cause potentiation of the monosynaptic reflex discharge of 


extensor « motoneurones lasting about 60 msec. Higher intensities of 


cerebellar stimulation cause preliminary potentiation of the monosynaptic 
reflex discharge, followed after about 30-40 msec by an inhibitory phase. 

5. Single shocks of low intensity to the paravermian regions of the 
anterior lobe cause inhibition of the monosynaptic reflex of extensor 
motoneurones lasting about 100 msec. Higher intensities of cerebellar 
stimulation cause a preliminary phase of potentiation of the monosynaptic 
reflex discharge, followed by an inhibitory phase. 

6. Experiments involving localized cooling of the vermis or of the para- 


vermis, and lesions designed to isolate the vermis from the paravermis, 


have shown that the inhibitory effect on the monosynaptic reflex discharge 
of extensor « motoneurones originates from the paravermis, and the 


potentiating effect from the vermis. 


7. Flexor motoneurones are inhibited by single-shock stimulation of all 
subdivisions of the anterior lobe of the cerebellum. 

8. These results are discussed in relation to the evidence indicating 
the presence of a vermal and a paravermian area, with potentiating and 


inhibitory effects respectively, on extensor « motoneurones, and with 


reference to a dual and simultaneous influence of the cerebellum both on 
the « and the y motor systems. 


We are much indebted to Dr T. G. Richards for statistical advice and to Messrs K. 
Wilkinson and G. 8. Platt for valuable technical assistance. 
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REFLEXES INVOLVING THE EXTERNAL URETHRAL 
SPHINCTER IN THE CAT 


By R. C. GARRY, T. D. M. ROBERTS anv J. K. TODD. 
From the Institute of Physiology, University of Glasgow 


(Received 10 August 1959) 


Barrington (1915, 1921, 1928, 1931, 1941) ultimately came to the belief 
that seven reflexes are involved in the act of micturition in the cat. 
These micturition reflexes are tabulated in Table 1. Barrington’s concep- 
tion was based on studies of the pressure and volume of fluid in the urinary 
bladder and of the resistance to the flow of fluid through the urethra. 


TaBLE 1. Micturition reflexes in the cat according to Barrington (the terminology is that 


of Barrington) 
Response of 
Reflex The stimulus Ingoing path ‘Centre’ Outgoing path _ the effector 
1 Distension of Pelvic nerves Hind-brain Pelvic nerves Contraction of 
the bladder the bladder 
2 Running water Pudendal Hind-brain Pelvic nerves Contraction of 
through the nerves the bladder 
urethra | 
=Distension of Hypogastric Lumbarcord MHypogastric Slight transitory 
the proximal nerves | nerves contraction of 
the bladder . 
4 ing water Pudendal = Sacralcord § Pudendal Relaxation of 
nerves nerves the ure 
5 Distension of Pelvic nerves Sacral cord Pudendal Relaxation of 
| the bladder ; nerves the urethra 
6 Distension of Pelvic nerves Sacral cord Pelvic nerves Relaxation of the 
the bladder , 3 plain muscle of 
the urethra in 
its proximal 


7 Running water Pelvic nerves Sacral cord Pelvic nerves Contraction of 
through the rs 3 the bladder 
urethra 


He was unable to observe directly the behaviour either of the striped 
muscle of the external urethral sphincter or of the smooth muscle of the 
urethral wall which is thought to act as an internal urethral sphincter. 


As a consequence he was not able to separate with certainty the functional 


toles of these two sphincters. Now, however, the method of electromyo- — 
graphy can be used to study directly the activity of the external urethral 
sphincter. Moreover, the timing of the responses of this muscle can be 
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accurately determined. This we have done in decerebrate cats, Our results 
call for some modification of Barrington’s scheme of reflexes. Some clarifi- 
cation also emerges about the nature of the adequate stimuli for certain 
of the reflexes. 


The external urethral sphincter in the cat consists of striped-muscle | 


fibres encircling the urethra in the substance of the urethral wall. Diagrams 
of the anatomical relations and of the innervation of the parts in both sexes 
are given by Evans (1936) and by Langworthy, Kolb & Lewis (1940). 
_ The external sphincter does not lie against the neck of the bladder but 
distally, with about 14cm of ‘proximal urethra’ between it and the 
bladder. 
METHODS 


Decerebrate cats of both sexes were used. The urethra was exposed ‘isiitadiaa its neil 
by a mid-line ventral incision, the two halves of the symphysis pubis were separated, and 
the retropubic fat was removed by blunt dissection. 

Spinal anaesthesia, and section of the lumbar sympathetic outflow and of the pelvic 
nerves, were carried out, when called for, by methods previously described (Garry, 1933). 
Spinal transection was carried out under full ether anaesthesia by extradural ligature of 
the cord after opening the vertebral canal. 

A twin-bore cannula was inserted into the bladder through a cut in the proximal urethra, 
and was tied in so that no fluid could pass from bladder to urethra. One channel of the 
cannula was connected to a reservoir of Ringer’s fluid; by raising and lowering this reservoir 
(range 0-40 the be filled and emptied. Movement of the reservoir 
operated a p tiometer through a system of pulleys. The height of the réservoir, the bladder- 
filling pressure, was then displayed on an oscillograph. A float volume-recorder, connected 
to the reservoir, measured changes in bladder volume and gave an electrical signal by 
means of a side arm which moved in a trough containing glycerine, which acted as a fluid 
potentiometer. The other channel of the cannula was connected by a rigid polythene 
tube of minimum distensibility to an electronic t d ter which gave a con- 
tinuous record of the pressure within the bladder. 

Perfusion of the lumen of the urethra was carried out through a single-bore cannula tied 
into the proximal end of the distal urethra, with its opening pointing away from the bladder. 
This cannula was connected through a 3-way tap to a reservoir of Ringer’s fluid which 
could be raised from 0 to 60cm. The pressure applied to the urethra could ‘be increased 
gradually by raising the reservoir, or suddenly by first raising the reservoir and then 
turning a tap. The volume of fluid flowing along the urethra was recorded by a float volume- 
recorder connected to the reservoir. 

The recording electrodes were made from stainless steel pins, insulated to the tips, rae 
independently mounted on fine springs. Two electrodes were used, their points resting 
lightly on the surface of the exposed external sphincter at positions found by trial to give 
@ suitable record. The muscle was kept covered with a layer of warm liquid — 

The records were made on a 4-channel ink-writing pen oscillograph. 


RESULTS 
_ Reflexes from bladder to the external urethral sphincter. 
The external urethral sphincter, like the external anal sphincter (Bishop, 
Garry, Roberts & Todd, 1956), .shows a resting tonic discharge. This 
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discharge is of low frequency when the bladder is empty. As the bladder 
_ begins to fill there is an increase in the frequency of the discharge from the 
sphincter. The intravesical pressure, after a slight initial rise, remains 
constant as filling continues. After a time two marked responses take 
place, though both take several seconds to develop fully. (1) Sphincter 
activity first decreases somewhat and then ceases entirely (Barrington’s 
fifth reflex), and (2) the bladder pressure rises sharply, leading to the return 
of fluid from the bladder to the reservoir (Barrington’s first reflex). 
Sphincter activity remains in abeyance throughout the phase of raised 
bladder pressure (Fig. 1). 


Filling 


Fig. 1. Decerebrate male cat: A, action potentials from external urethral sphinc- 
ter; B, intravesical pressure with calibration in cm H,O; C, change in bladder 
volume; D, height of reservoir. Contraction of bladder is isotonic and reduction in 
sphincter activity precedes rise in bladder pressure by approximately 25 sec. 
In all figures, time marker = 10 sec. 


Usually the response of the sphincter and the response of the bladder 
_ appear to start at about the same time: but often, as in Fig. 1, the reduc- 
tion in sphincter activity clearly precedes the rise in bladder pressure and 
complete inhibition may occur while the volume of the bladder is increas- _ 
ing and the intravesical pressure is still constant. When the evacuation — 
of the partially filled bladder is prevented by obstruction of the urethra, the 
detrusor muscle exhibits a series of spontaneous isometric contractions 
(Mellanby & Pratt, 1940). In these circumstances the isometric contrac- 
tions are also accompanied by reduced sphincter activity, which, in this 
case, develops during ‘a period of constant bladder volume and rising 
intravesical pressure (Fig. 2). | 

Spinal transection at the lower thoracic level abolishes the reflex con- 
traction of the bladder in response to filling, at least for the duration of 
an acute experiment: Barrington (1921) found that this reflex was still 
in abeyance 35 days after section of the cord. However, filling the bladder 
still causes a reduction in the activity of the external sphincter. The 
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reduction in the tonic activity of the external sphincter is not so marked 
as it is in cases where contraction of the bladder takes place (Fig. 3). 

General anaesthesia with ether was used before cutting the spinal cord. 
The administration of ether itself abolished the tonic activity of the 
sphincter, but on disconnecting the supply of ether the tone returned 
quickly to the sphincter and it was fully present well within 2 hr of the 
transection. 


L I L L i ] l L L 


Fig. 2. Decerebrate male cat: A, action potentials from external urethral sphinc- 
ach B, intravesical pressure with calibration in cm H,O; C, change in bladder 

volume—contraction is isometric since outflow from the bladder is prevented. 
Reduction in oo activity occurs without my change in the volume of the 
bladder. 
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Fig. 3. Decerebrate male cat, spinal cord cut at lower thoracic level: A, action 
potentials from external urethral sphincter; B, intravesical pressure with calibra- 
tion in em H,0; OC, change in bladder volume; D, height of reservoir. Reflex 
contraction of bladder absent; reduction of sphincter activity accompanies 
distension of bladder. 


Reflexes from the urethra 
If, when the bladder is empty or contains only a small volume of fluid, 
an attempt is made to force fluid along the distal urethra with gradually 
increasing pressure, there is then a progressive increase in the activity of 
the external sphincter muscle (Fig. 4). The sphincter guards against the 
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escape of fluid. This increased activity in the sphincter occurs both when 
fluid actually flows along the urethra, and also when the urethra is tied 
distal to the external sphincter so that no fluid passes and the urethra 
is only distended. If the urethra is not tied, the increase in sphincter 
activity occurs before the fluid begins to flow. A major component of 
the adequate stimulus for the reflex increase in sphincter activity must 
. therefore be the stretching of the structures in the wall of the urethra. 
Our findings are consistent with those of Evans (1936). He recorded 
the electrical activity in the nerves supplying the bladder and urethra 
in cats, and reported that sudden distension of the bladder reduced the 
tonic outgoing discharge along the pudendal nerves, whereas attempts to 
force fluid along the urethra with a syringe always increased this discharge. 


Fig. 4. Decerebrate female cat, bladder empty: A, action potentials from external 
urethral sphincter; B, intravesical pressure; C, volume of fluid which has passed 
through the urethra—the change in level indicates flow; D, height of reservoir 
_ connected to urethra. Increasing pressure applied to the distal urethra induces 
activity in the external sphincter corresponding to the increase in pressure: flow 
along the urethra starts when the pressure reaches 50 cm H,O and continues even 
while the pressure is reduced, although the external sphincter is still active. 


- Pressures in excess of 40-50 cm H,O can force fluid along the urethra | 
past the powerfully contracted external sphincter. If the applied pressure . 
is now reduced, fluid continues to pass along the urethra at pressures which 
are less than those needed to start the flow. This behaviour is no indication 
of a true inhibition of the activity in the external sphincter. The external 
sphincter is still active. The slight diminution in activity of the sphincter 
which occurs sometimes after the flow has started may be attributed to 
the reduction in the distending pressure within the urethra which is a 
consequence of the flow. In our experiments the signal indicates the 
height of the reservoir. The distending pressure applied to the urethra will 
be less than that indicated by the signal by an amount dependent on the 
rate of flow and on the resistance of the connecting tubing. __ 


2 
= 4 
q 
3 
= 
* 
' 
e----50 cm 
i 
> 
‘ 
it 
d 


658 R.C.GARRY,T.D.M. ROBERTS AND J. K. TODD 


On the other hand, flow of fluid along the urethra and distension of the 
urethra fail to elicit activity in the external sphincter if the tone in this 
muscle is already absent or reduced in reflex response to an increase in 
the tension in the bladder wall arising either from contraction vr from 
distension of the bladder (Fig. 5). In other words, when Barrington’s 
fifth reflex—dilatation of the urethra in response to distension of the 
bladder—is in action, forcing fluid along the urethra cannot cause contrac- 
tion of the external urethral sphincter. 

When there is a considerable volume of fluid in the bladder, running 
fluid through the urethra evokes a sustained contraction of the bladder— 
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_ Fig. 5. Decerebrate female cat: A, action potentials from external urethral 
sphincter ; B, intravesical pressure (cm H,O); C, change in bladder volume. The ure- 
thra was tied distally: at the times, and for the durations indicated, the pressure 
in the distal urethra was raised abruptly to 60cm H,O. The response of the 
external sphincter to distension of the urethra dies out as the bladder fills and re- 
appears as the bladder empties. 


Fig. 6. Decerebrate male cat: A, action potentials from external urethral sphincter ; 
B, intravesical pressure; C, change in bladder volume. Fluid is running into the 
bladder; at the times, and for the durations shown by the vertical dotted lines, ° 
the distal urethra is suddenly distended by a pressure of 40 cm H,O. In the first 
instance there is no contraction of the bladder and the activity of the sphincter is 
greatly augmented. In the second instance, when the bladder is somewhat fuller, 
distension of the urethra initially augments the activity of the external sphincter 
but, when the bladder responds by contraction, the activity of the external — 
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Barrington’s second and seventh reflexes. This reflex contractiof® of the 
detrusor muscle of the bladder, in response to the passage of fluid distally 
along the urethra, develops, however, more slowly than the ‘guarding’ 
burst of activity in the external sphincter. Under such circumstances, 
then, there is at first an increase in sphincter activity and this later dis- 
appears completely as the bladder starts to contract. When the bladder 
relaxes once more, activity of the sphincter reappears (Fig. 6). 

If the reflex effect of tension in the wall of the bladder is eliminated, 
e.g. by emptying the bladder, by removing the bladder or by cutting the 
pelvic nerves, the only response to flow of fluid along the urethra is in- 
creased activity in the external sphincter. In a cat recently dead a much 
lower pressure is needed to force fluid distally along the urethra than 
in a decerebrate cat. As in the living animal, however, a greater pressure 
is aa to start the flow than to maintain it. 


DISCUSSION 


The lower urinary tract has two main functions, the maintenance of 
urinary continence, and the periodic emptying of the bladder. These two 
functions require close co-ordination between the activity of the bladder — 
wall and the behaviour of the sphincters which govern the urethra. 
Barrington analysed the co-ordination which operates during micturition. © 
The present results support his findings in general but they suggest the 
need for some amplification and modification of his basic scheme, and 
for more consideration of the factors concerned not only with micturition 
but also with urinary continence. 

Under normal conditions for most of the time the smooth muscle of 
the bladder wall does no more than exert a slight degree of pressure on 
the contents. Urinary continence is achieved by this absence of active 
contraction and by the closure of the sphincters of the urethra. Electro- 
myography shows that the external urethral sphincter has a continuous 
tone which is of low degree when the bladder is empty. This tone increases 
somewhat in the early stages of bladder filling. At this stage any attempt 
to force fluid distally along the urethra provides an effective stimulus 
_ to increase the activity of the external sphincter. This behaviour of the 
- external sphincter will operate to maintain urinary continence when, in 
the intact animal, the bladder is filling from the ureters. The external 
urethral sphincter in the cat is able to withstand a perfusion pressure of 
about 50 cm H,O; if the pressure becomes greater, urine escapes in drops 
as in overflow incontinence. Presumably, however, reflex micturition 
normally occurs long before intravesical ——- of this magnitude are 
reached. 
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The initial stimulus to reflex micturition seems to be the attainment of 
a critical degree of bladder filling. The detrusor muscle then responds by 
rhythmical waves of contraction or by a sustained contraction, and the 
sphincter responds by relaxation. Relaxation of the external urethral 
_ sphincter may be brought about either by the introduction of an adequate 
volume of fluid into the bladder, without any rise in intravesical pressure, 
or by a rise in intravesical pressure without alteration in volume. The 
receptors for this reflex must therefore respond both when the contractile 
elements in the bladder wall are actively contracting and also when the 
bladder wall is being passively stretched as in the acute spinal cat. 
Tension receptors in series with the contractile elements of the bladder 
wall would be expected to react in both these two sets of circumstances 
(Garry, Roberts & Todd, 1957). Iggo (1955) has evidence, based on re- 
cordings from sensory nerves, for the existence of such receptors both in 
the bladder wall and in the stomach wall. Nathan (1956) observed that 


the desire to micturate was evoked in man when the wall of the bladder — 


was stretched and also when the bladder contracted. 
_ The main point at issue between our findings and those of Barrington 
concerns the existence of his fourth micturition reflex. Barrington thought 
that, independently of any other factor, the flow of urine along the distal 
urethra reflexly brought about relaxation of the external urethral sphinc- 
ter, both paths being in the pudendal nerves. We, on the other hand, were 
not able at any time to show inhibition of activity in the external sphincter 
in response to perfusion of the urethra, apart from the inhibition which 
was associated with a rise of tension in the wall of the bladder. In other 
words, passage of fluid into the urethra had first to cause contraction of 
the bladder by Barrington’s second reflex; then the increased tension in 
the bladder wall brought about relaxation of the external sphincter by 
his fifth reflex. Indeed, Barrington (1928) noted that, when the urinary 
bladder could no longer contract, owing to division of the pelvic nerves 
or to section of the spinal cord, then it was more difficult to elicit his fourth 
reflex. He even suggested that, normally, contraction of the bladder 
reinforces the fourth reflex; in his own terminology, the fifth reflex rein- 
forces the fourth. The main evidence which Barrington put forward for 
the existence of an independent fourth reflex, with both paths in the puden- 
dal nerves, was that when gradually increasing pressure of fluid was applied 
to the distal urethra a greater pressure was needed to start the flow than 


was required to maintain it when once started. In fact, however, a dif- 


ference between the pressure needed to start the flow and the pressure 
necessary to maintain it has been shown to exist both in conditions of 
high, sustained activity of the external sphincter and in conditions of 
total absence of any striped-muscle activity at all, in the recently dead cat. 
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Langworthy, Drew & Vest (1940) perfused the urethra of decerebrate cats. 
As the pressure was raised the perineal muscles contracted spasmodically 
and the fluid escaped in spurts. This was followed by a steady flow. When 
the pressure was lowered the flow continued at a pressure less than that 
required to start the flow. They found also that sudden increases of pres- 
gure in the urethra evoked spasm of the perineal muscles; such responses 
could not be elicited when the bladder was full. Barrington fully appre- 
ciated that the evidence for the existence of his fourth reflex was indirect, 
but he had no way of telling that this evidence was not valid. Denny- 
Brown & Robertson (1933) state categorically that the presence of fluid 
in the posterior urethra of spinal man cannot cause relaxation of the 
external urethra sphincter : only contraction of the detrusor muscle relaxes 
the external sphincter. 

The fact that a flow of fluid along the urethra can be maintained by | 
driving pressures which are less than the pressure necessary to initiate 
flow can be shown to be a consequence of the general physical properties 
of tubes with circular muscle in their walls (Roberts, unpublished). The 
curve for the combined tension/length relationship for the muscular and 
elastic components of the wall will have a shoulder or hump on it, with 
. @ point of inflexion. Consequently the critical opening pressure will differ 
from the critical closing pressure and there will be a range of pressures in 
between at which flow can continue, provided it has first been initiated 
by raising the driving pressure above the critical opening pressure. It 
is not necessary to postulate a reflex mechanism, such as Barrington’s 
fourth reflex, whereby flow of fluid along the urethra might lead to reflex 
inhibition of activity of the sphincter. The fact that the activity does, in 
fact, sometimes diminish somewhat in these conditions may be taken as 
a consequence of the reduced sensory drive corresponding to the reduction 
in distending pressure. It is not necessarily a result of an inhibitory effect 
of impulses from receptors sensitive to the flow of fluid along the urethra, 
even if such receptors can be shown to be present. 

Barrington, in his preoccupation with reflexes promoting emptying of 
the bladder, perhaps gave too little consideration to guarding reflexes 
which prevent emptying of the bladder. Were his fourth reflex really 
potent, it would mean that any casual leakage of fluid from the bladder 
along the urethra, such as might occur with a sudden unexpected rise in 
intra-abdominal pressure, would, by abolishing the tonic contraction of 
the external sphincter of the urethra, lead to escape of urine, or at least 
make the voluntary maintenance of continence more difficult. Barrington 
(1915), in his very first paper on the nervous control of micturition, noted 
that, after putting the external urethral sphincter out of action by division 

of the — nerves, the slightest pressure on the bladder through the 
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abdominal wall caused escape of urine. On the other hand, Lahgworthy, 
Drew & Vest (1940) say that division of the pudendal nerve in cats caused 
no incontinence even when the cat was running or jumping. However 
this may be, when the bladder contracts the guarding reflex of the external 
urethral sphincter no longer operates. Instead, the external urethral 
sphincter relaxes, urine is forced along the urethra and this flow in turn 
maintains the contraction of the bladder. On this hypothesis the prime 
factor in inhibition of the tone of the external urethral sphincter in reflex 
micturition is the attainment of a critical tension in the bladder wall. 
We therefore suggest that there is no real evidence or argument for the 
existence of Barrington’s fourth reflex in the cat: moreover, its existence 
might be a nuisance to such a cleanly animal. 

The second and seventh reflexes in the cat—contraction of the bladder 
in response to perfusion of the urethra—can be elicited only at levels of 
bladder filling which are not far short of the critical point for the onset 
of micturition. These reflexes are not easy to demonstrate. Under normal 
circumstances, in the intact animal, these reflexes would obviously not 
be expected to initiate contraction of the bladder but only to maintain 
and reinforce a contraction already present. Denny-Brown & Robertson 
(1933) and Nathan (1952) could find no evidence for their existence in 
man. Our results in the cat, however, agree with those of Barrington. 


Similar effects have also been demonstrated by Langworthy, Kolb & | 


Lewis (1940), so the cat does seem to have reflexes which are not present 
in man. 

We are far from understanding the complexity of the reflexes which 
control micturition, still further from understanding the factors deter- 
mining the nice relationship between urinary continence and micturition. 


So far as we can see at the moment, from Barrington’s original work, | 


from the series of papers by Langworthy and his colleagues, and from the 
present observations, the sequence is as follows. 

As the bladder fills the muscular bladder wall adapts itself to the i increas- 
ing volume with little increase in intravesical pressure. The tension in 
the wall, however, rises steadily as the radii of curvature increase. As 
filling continues, continence is assured by increased activity in the external 
urethral sphincter. Should urine enter the urethra at this stage the activity 
of the external sphincter is still further increased (the guarding reflexes). 

When a critical tension develops in the bladder wall the micturition 
reflexes proper come into action. These probably operate in two stages: 

Stage 1. Stimulation of the stretch receptors in series with the contractile 
elements in the bladder wall inhibits, through a ‘centre’ in the sacral 
cord, the existing tonic contraction in the striped muscle of the external 
urethral sphincter. The ingoing path is in the pelvic nerves, the out- 
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going in the pudendal nerves. This is Barrington’s fifth reflex and it may 
come into play even before the following reflex. 

Stimulation, presumably of the same receptors in series with the con- 
tractile elements in the bladder wall, initiates, through a ‘centre’ in the 
- hind-brain, contraction of the detrusor muscle of the bladder. Both 

-ingoing and outgoing paths are in the pelvic nerves. This is 
first reflex. 

About the same time stimulation, again acting somewhere in the bladder, 

causes reflex relaxation of the plain muscle in the wall of the proximal 
third of the urethra, the ‘internal urethral sphincter’. The paths are again 
both in the pelvic nerves, but the ‘centre’ is in the sacral cord. This is 
Barrington’s sixth reflex. 
Stage 2. Since Barrington’s fifth reflex is now in action, the flow of 
urine along the urethra no longer elicits the guarding reflex in the external 
sphincter. Instead, the flow of urine along the urethra maintains and 
perhaps reinforces the contraction of the bladder to ensure complete 
evacuation. Two reflexes play a part, Barrington’s seventh reflex with both 
paths in the pelvic nerves and a ‘centre’ in the sacral cord, and his second 
reflex where the ingoing path is in the pudendal nerves, the ‘centre’ in the 
hind-brain, and the outgoing path in the pelvic nerves. 

These reflexes presumably continue in action while the bladder is 
expelling its contents. Then, although the muscles in the bladder wall are 
still active, as the volume is reduced the area of the wall will also diminish. 
There will then come a point when the contractile elements have shor- 
tened as much as they can. A further reduction in wall area now relieves 
the tension on the receptors in series with the contractile elements and 
removes the stimulus from these receptors. The reflex drive is. thus cut. 
off and both the activation of the bladder wall and the inhibition of the 
external urethral sphincter subside. 

If the receptors in the urethra are still active at this stage: they will 
_ produce reflex activity in the external sphincter now that the inhibition | 
has been removed. This stops the escape of urine and the bladder then 
gradually refills from the ureters. . 

The above description ascribes (in the cat at least) no important role 
in micturition to Barrington’s third reflex. The slight transitory rise of 
pressure in the bladder on distension of the urethra may be due, as Elliott 
(1907) claimed long ago, to contraction of a thin sheet of muscle spreading 
out from the ureters and trigone, muscle receiving a motor innervation — 
from the sympathetic division of the autonomic nervous system. The exis- 
tence of Barrington’s fourth reflex, as an entity independent of the fifth 
reflex and of the other events during micturition, is denied for the reasons 
given in the body of this paper. 
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SUMMARY 


1. The electrical activity of the striated external sphincter of the 
urethra was recorded while the pressure and volume of fluid within the 
bladder were varied: the effect on the external sphincter of forcing fluid 
along the urethra was also recorded. 

2. In resting conditions the encase sphincter showed a steady tonic 

discharge. 
_ 3. As the bladder filled there was initially an increase in the activity 
of the external sphincter. Ultimately the rise in tension in the wall of the 
bladder led to reflex contraction of the bladder and to cessation of activity 
in the external sphincter of the urethra; this cessation of activity was 
brought about both by active contraction of the bladder and by passive 
stretching of the wall of the bladder. 

4. After spinal transection at the lower thoracic level, distension of the 
bladder no longer evoked reflex contraction of the bladder but did lead 
to cessation of activity in the external urethral sphincter. 

_ 5. When the bladder was empty, or deafferented by section of the 
pelvic nerves, forcing fluid distally along the urethra always augmented 
activity in the external urethral sphincter. 

6. When the wall of the bladder was stretched passively, and when the 
bladder was contracting, forcing fluid distally along the urethra no longer ~ 
evoked activity in the external sphincter. 

7. No evidence was found to justify belief in the existence of Barring- 
ton’s fourth reflex. This reflex implies that forcing fluid distally along 


the urethra by itself causes cessation of activity in the external urethral 
sphincter. 


We are indebted to the Rankin Medical Research Fund of the University of Glasgow — 
for assistance to defray expenses involved in this vam 


REFERENCES 


Barrineton, F. J. F. (1915). The nerv 
Physiol. 8.33.71 ( ). ous mechanism of micturition. Quart. J. exp. . 


on. F. “§ F. (1921). The relation of the hind-brain to micturition, Brain, 44, 
wasspeneon, F. J. F. (1928). The central nervous control of micturition. Brain, 51, 


Bargrnoton, F. J. F. (1931). The 
and II. Brain, 54, at component reflexes of micturition in the cat. Parts 


Barrinoton, F. J. F. (1941). The co II. 
Brain, 64, 239-243. ). mponent reflexes of micturition in the cat. Part I 


Bisnor, B., Garry, R. C., Ropers, T. D. M. & Topp, J. K. (1956). Control of the external 
sphincter of the anus in the cat. J. Physiol. 134, 229-240 ; : 


D. & Rosertson, E. G. (1933). On the of micturition. Brain, 


a 
a 
| 
{ 
} 
| 
} 
% 
| 


MICTURITION IN THE CAT 665 


Euurortr, T. R. (1907). The innervation of the bladder and urethra. J. Physiol. 35, 367-445. 


Evans, J. P. (1936). Observations on the nerves of supply to the bladder and urethra of 
the cat, with a study of their action potentials. J. Physiol. 86, 396-414. 


Garry, R. C. (1933). The nervous control of the caudal region of the large bowel in the 
cat. J. Physiol. 77, 422-431. 


Garry, R. C., Roperts, T. D. M. & Topp, J. K. (1957). Reflex nses of the external 
urethral sphincter of the cat to filling of the bladder. J. Physiol. 139, 13-14P. 


Iaco, I. (1955). Tension receptors in the stomach and the urinary bladder. J. Physiol. 128, 
593-607. 


Lanowortny, O. R., Drew, J. E. & Vest, 8. A. (1940). Urethral resistance in relation to 
vesical activity. J. Urol. 43, 123-141. 


Lanewortny, O. R., Kors, L. C. & Lewis, L. G. (1940). Physiology of Micturition. Balti- 
more: Williams & Wilkins Company. 

Metitansy, J. & Pratt, C. L. G. (1940). The reactions of the urinary bladder of the cat 
under conditions of constant volume. Proc. Roy. Soc..B, 128, 186-201. 

Naruan, P. W. (1952). Micturition reflexes in man. J. Neurol. 15, 148-149. 

Narnan, P. W. (1956). Sensations associated with micturition. Brit. J.. Urol. 28, 126-131. 


as 
% 
>) 
> 
A 
‘as 
| 
| 
! & 
r 
- 
j 
4 
| 
+ 
3 
. 
t, 


Le 
> 
<q 
4 
4 


1P 


PROCEEDINGS OF | 
THE PHYSIOLOGICAL SOCIETY 


UNIVERSITY LABORATORY OF PHYSIOLOGY, OXFORD 


25-26 September 1959 


aig 
‘a 
an 
an) 


} Langendorff perfusion of the rat heart. By E. J. Hamiry. Depart- 
a ment of Physiology, University of Birmingham 

A simple hard-glass cannula suitable for perfusing rat hearts in the method of 
Langendorff was shown at a previous meeting (Hamley, 1956). This has proved 
| satisfactory for use in laboratory classes, but for research work the long cannula 
length and its consequent large volume has been a disadvantage. A modifica- 
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tion has been developed which affords a much smaller volume and rearrange- 
ment of the side arms provides a piece of glassware that is easily cleaned and 
can be used in research work requiring several perfusions run in batteries. 
Aeration can be arranged in pairs by using either a drawn glass filament or 
no. 20 hypodermic needle. The modified cannula, aerated with oxygen, allows 
reasonable survival of the preparation at 33° C to 37° C since the volume of 
solution between aorta and site of aeration represents only 10 sec perfusion 
time. The bubbles escape up a detachable vertical tube allowing 25-35 cm 
perfusion pressure. The solution can be kept warm by using warmed oxygen 
and heating the side arm connecting the reservoir. For class work a much 
heavier walled cannula neck is necessary; an increase in length makes it 
easier to set up the preparation quickly but more difficult to keep the per- 
fusion above room temperature. 
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A new versatile transducer system. By G. W. CamsBripcE and 


J. Harnes. Pharmacology Laboratory, John Wyeth and Brother Limited, 
Havant, Hants. 


A new transducer system has been developed that is comparatively simple 
and which has proved to be very versatile for measurements of both frequency 
and amplitude. 

A single crystal-controlled oscillator is the electrical energy source, thus 


eliminating the most serious trouble with radio-frequency methods—the 
inherent drift of free-running oscillators. 


Crystal | Phase Indicator 


a Output to 
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The sensitivity is good and in the simple type of instrument from +10 to 
_ +15 V is available directly from the diode detectors. This large output is 
useful when it is necessary to detect small changes over a comparatively large 
range of movement. 
Sufficient power is available to drive a sensitive meter directly and this is 
incorporated in the instrument for setting-up and static calibration ss agen 
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The frequency response of the instrument is excellent and it is possible to 
detect frequencies in excess of 2 x 10° cycles/sec. This results in exceptionally 
good reproduction of wave forms. 

The transducing elements are of small physicai dimensions and consist of 
_a capacitor and inductor either of which may be the transducing element. In 
some cases @ resistive element can be used which usually takes the form of a 

wire slider. These circuit elements are remote from the instrument itself being 
connected by a length of 75 Q co-axial cable. 

The system is convenient to use for a wide range of mechanical displacements 
and the different transducing elements are easily constructed and plugged 
into the instrument. The same detector is used with all types of transducing 


element. The system has unique possibilities for telemetry and where a — | 


delicate capacitive change needs to be detected over a large range of movement. 

The system has been used for the recording of isometric or isotonic contrac- 
tions, movement of membranes, the movement of mercury columns and pulse 
recording. In two applications full scale deflexion has been obtained from 
displacements of 0-01 in. (0-25 mm) by and 8-0 in. (20cm), 
_ by capacitance change. 


The effect of the mode of fixation and the interval between death 
and fixation on monkeys’ motoneurones. By J. E. C. Bywater 
and P. Giegs. Vaccine Animal Unit of Pfizer Lid, Sandwich, Kent, me 
University Laboratory of Physvology, Oxford 


_ The need for separating structural motoneurone changes caused by autolytic 
' degeneration or by differences in fixation from the changes due to intraspinal 
vaccine inoculation initiated the following study. 

Fifty-two Rhesus monkeys were anaesthetized with Nembutal (pento- 
barbitone; Abbott Laboratories) 1.v. and killed by opening the chest. Four 
animals were perfused at once with formol-saline-acetic acid. From four others 


the brains and spinal cords were immersed in formol saline. In twenty-four 


perfusion was attempted at increasing time intervals, and in twenty the central 
nervous system was fixed by immersion at similar time intervals. Gallocyanin 
C.I. No. 883, National Aniline Div., New York, was used for staining Nissl 
- granules, Autolytic changes and artifacts caused either by the time lag between 
death and fixation or by immersion in the fixative alone are very striking. Even 
immediate fixation by immersion produces gross distortion of the Nissl sub- 
stance and considerable cellular shrinkage of motoneurones (Fig. 1), neither of 
which is apparent in the four controls fixed immediately by perfusion 
(Fig. 2), - 
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The histological results demonstrated by slides and photographs show 
clearly that reliable and critical neuronal cytology of the monkey is possible 
only if perfusion is carried out immediately after death. 


Fig.l: Fig. 2 
Fig. 1, Motoneurone fixed by immediate immersion in fixative. Drawing under oil. 
Fig. 2. Motoneurone fixed by perfusion. Drawing under oil. 


Is the receptor for adrenaline in cat uterus labile? By J. D. P. 
GraHaM and M. R. Gurp. Department of Pharmacology, Welsh National 
School of Medicine, Cardiff 


When adrenaline 10-’ is added to the fluid bathing a strip of isolated non- 
pregnant cat uterus the muscle relaxes, whereas if the uterus was pregnant it 
contracts. If a small piece of non-pregnant cat uterus is suspended: from a 
separate lever in the same vessel with a larger piece of pregnant cat uterus 
for a period of 2-3 hr a change takes place in the response of the non-pregnant 
uterus to added adrenaline. Inhibition is ‘reversed’ to stimulation (see Fig. 1). 
If initially the non-pregnant uterus is quiescent movement begins and usually 
tone increases. If initially it is active the frequency and sometimes the 
amplitude of contraction increases. Pregnant rabbit uterus may also bring 
about this change in non-pregnant cat uterus, but with less ease. 

Suitable non-pregnant cat uterus may be obtained from anoestrous cats 
injected with stilboestrol 0-5 mg/day for 10 days and pregnant uterus may be 
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replaced by strips of uterus from cats injected with stilboestrol followed by 
2mg progesterone for a further 7 days. An extract made by grinding the 
_ pregnant or pseudo-pregnant uterus with 2 ml. saline/g wet wt. and washed 
powdered glass may produce the same ‘reversal’ when added to the oestrous 
uterus before adrenaline. Such extracts have an oxytocic action but the 
‘reversal’ is independent of this. A variable minimal amount of extract is 
needed to produce a result and the ‘reversal’ can be washed out. Virgin cat 
uterus is less readily ‘reversed’ than is oestrous parous uterus but some effect 
may be produced on it by extract of progesterone proliferated uterus. 


Fig. 1. Isolated cat uterus in Locke’s soln. at 37° C, 95 O, 5% CO,. (1) Adrenaline 10~’ relaxes 
tone and inhibits movement in the non-pregnant uterus. (2) The presence in the same bath 
of a large strip of pregnant uterus (P) for 2-3 hr changes the response of the non-pregnant 
muscle (NP) to adrenaline from inhibition to stimulation. | 


Terminations of optic tract fibres in the superior colliculus of 
the monkey. By Marianne Fitienz* and P. Guess. University 
Laboratory of Physiology, Oxford 
Sections of the superior colliculus stained with a modification of the Glees 
silver technique (Marsland, Glees & Erikson, 1954) were examined 2, 3, 4, 7, 
12, 20, 29, 30 days after the removal of one eye. The characteristic changes of 
terminal degeneration seen in the lateral geniculate body (Glees, 1959), could 
not be found in the superior colliculus. Marchi-stained serial sections of the 
mid-brain of a monkey killed 14 days after the removal of one eye showed, 
however, that optic tract fibres go to the superior colliculus. 
These findings suggest that the retinal fibres going to the colliculus have 


* Aided by a M.R.C, Grant. 
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different terminals from those to the lateral geniculate body. This may mean 
either that (i) the collicular fibres are not collaterals of the geniculate fibres, 
as they are in the cat (Barris, Ingram & Ranson, 1935), or (tt) that one optic 
tract fibre has two different kinds of terminals. © 
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Leg volume meter. By G. W. Turopatp. St Luke’s Maternity Hospital, 
Bradford, 5 


The apparatus, designed to measure the volume of a leg from the sole of the 
foot to a standard height of 48 cm above it is made of Perspex and consists of 
a tank and a connecting measuring chamber with a floor sloping to outlet 4 
and graduated at 25 ml. intervals (M) up to 3000 ml. The internal measure- 
ments of the tank are, height 65cm, with side walls of 20-5 and 19-5 cm 
respectively. The lower portion is shaped to accommodate the foot, the out- 
side measurements being 28 cm and 11-5cm. The communicating slit C has 
sharp edges and is cut obliquely through the Perspex, It is 1 cm deep and 
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7-5 cm wide and allows water to cascade through at the rate of 3000 ml. in 
10 sec. The lower edge of the slit is 48 cm above the floor of the tank. This slit 
is protected by a baffle indicated at D which prevents waves in the tank from 
overflowing into the measuring chamber. Warm water, at a temperature of 
between 90 and 95° F (32-2-35-0° C), is added to the tank until it overflows into 
the measuring chamber. A wetting agent is added to lower surface tension and 
the temperature is maintained by an electric resistance coil. The measuring 
chamber is emptied by means of suction applied at A. 

The leg to be measured is then put into the tank and the essence of the 
method ‘is that all the water displaced cannot be accommodated in the 
measuring chamber. The level of the water in the tank thus remains above the 
communicating slit so long as the leg is in the tank, and this allows all the 
time wanted for the subject to adjust both legs into the standard position. 
This done, suction is applied at A until the level of the water in the measuring 
chamber can be conveniently read, and the water removed is subsequently 
measured in the measuring chamber. So soon as the level of the water in the 
tank falls to the level of the bottom of the connecting slit, tap B is opened and 
sufficient water is allowed to escape to ensure that the removal of the leg does 
not cause spill of water into the measuring chamber. The water displaced is 
thus measured in two parts and the error varies between 0-5 and 1% of the 
leg volume. A similar instrument has been made to measure arm volume. 


Iam indebted to Mr T. Kirkby, proprietor of Precision Products, Leeds, for his skill and 
enthusiasm and for so willingly making many modifications. — 


Some results of a quantitative histological investigation of stretch 


receptors in limb muscles of the cat. By D. Barker. Department — 


of Zoology, University of Hong Kong © : 
The investigation by the author and his collaborators, N. K. Chin, J. Gidumal, 
M. N. Adal and M. C. Ip, falls under four main headings: the number and 
distribution of muscle-spindles; analyses of the entire proprioceptive equip- 
ment of individual muscles; a study of the propricceptive component of 
muscle nerves; and studies of spindle morphology. : 

(i) The spindle content has been determined of twenty pairs of each of the 
_ following cat muscles: rectus femoris, tibialis anticus, and Vth interosseus 
(forelimb). The results are summarized in Table 1. 

The work suggests the following conclusions: (a) the lower the spindle content 
of a muscle, the narrower is the range over which the content varies; (b) the 
spindle content of a pair of identical muscles is closely equivalent, and the 
equivalence is closest in muscles with low spindle content; (c) by treating the 
_ count data statistically it is possible to derive formulae for predicting the best 

estimate of the spindle content of one member of a pair when the content of 
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the other is known. The distribution of spindles within these muscles bears 
a constant relation to the entry and distribution of the nerve supply, the 
spindles being located in the neighbourhood of the intramuscular nerve trunks. 

(ii) An analysis of the proprioceptive equipment of the cat’s rectus femoris 
has been made by teasing entire muscles after treatment by the gold chloride 
method. The results for five recti are summarized in Table 2. 


| 
| Vth interosseus 
Cat muscle Rectus femoris _Tibialis anticus (forelimb) 
Spindle content Range 77-132 = 56 52--89 = 38 21-31 = ll 
Mean 104-15 + 13-55 70-65 + 8-76 25-1 + 2-36 
Difference between Limits 1-9 re 16: 
members of pairs Range < £9 + + 
Mean 4-4 38 2°2 
Formulae for predic- (i) y = 47409382 y = 12-0+0847 y = 14-4+0-432 
tion of difference (ii) z=6840-96y 2=7:1+089y x = 140+0-4y 
x = spindle content of right member of pair (known in (i)). 
y = spindle content of left member of pair (known in (ii)). 
TABLE 2 
(p = primary ending; 8s = secondary ending) 
Cat rectus femoris 
Proprioceptive C35R C4iR C42R C4L 
endings 
Muscle spindles 73 5&4 103 89 124 112 96 = 82 79 
127 192 236 157 161 
Tendon organs 101 102 105 59 55 
Pressure corpuscles 1 14 10. 9 6 
Total no. endings 229 308 351 225 222 
Total no. fibres in — 1097 1392 — — 
nerve to muscle ; 


The primary spindle endings are thus more numerous than the secondaries, 
outnumbering them over-all by about one-fifth; the assumption (see, e.g. 


Granit, 1955) that secondary endings are the most numerous does not therefore — 


hold for rectus femoris. A classification of the spindles present according to 
type is prejudiced by the fact that teasing cuts one or both polar regions of 
about 70% of the spindle content and thus obscures the proportion of tandem 
spindles. However, a separate study of material cut in transverse section has 
established that 17% of tlie spindles in rectus femoris are of the tandem type, 


and a classification of 400 spindles from five recti indicates that 36% of the 


spindles in this muscle are of Ruffini’s (1898) intermediate type (1 primary, 
1 secondary); 29% simple (1 primary only): 18% complex (1 primary, 
2 secondaries); and 17% tandem (2-3 primaries, 2-3 secondaries). An analysis 
of the pes interossei muscles has confirmed the main conclusions drawn from 
this study. 
(iii) A large quantity of measurements of the diameters of nerve fibres has 
been made in the region of intramuscular nerve trunks. Each diameter is 
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recorded as the mean of six measurements made along a length of 0-5-1-Omm 
of each fibre. The intramuscular diameters of both extra- and intrafusal 
efferents share the same peak at 3-5, but about 30% of the spindle efferents 
lie outside the extrafusal range at 4-6. These larger fibres could be members 
of either the 3-8 gamma group or the 8-18 alpha group which have not 
undergone such extensive branching as the majority of their fellows. Measure- 
ments of the intramuscular diameters of Group I afferents reveal a range over 
smaller diameters than in the muscle nerve-trunks, but the range shifts 
according to whether the muscles used for measurement are close to (quadratus 
femoris) or far from (pes interossei) the cord. Intramuscular branching of 
tendon organ and pressure afferents occurs but this has not been observed in 


_ the spindle primary and secondary afferents. The intramuscular decrease in 


diameter of primary and secondary afferents is probably due mainly to tapering. 
(iv) Studies of spindle morphology show (a) that there is a tendency for 
polar length to be determined by the position of the spindle in the muscle, 


and (6) that the intrafusal muscle fibres appear to divide and reunite through- 


out the length of the muscle-bundle as maintained by Forster (1894). 


This investigation is supported by research grant B-1806 from the National Institute of 
wowrclngical Diseases and Blindness, U.S. Public Health Service. 


REFERENCES 


‘Seni: L. (1894). Virchows Arch. 187, 121-153. 
Granit, R. (1955). Receptors and Sensory Perception. New Haven: Yale University Press. 
Raffini, A. (1898). J. Physiol. 23, 190-208. 


Simple and compound muscle spindles in the muscles of the cat. 
By I. A. Boyp and Sys Cooper. Institute of Physiology, University 
of Glasgow and University Laboratory of Physiology, Oxford 


A simple and inexpensive apparatus for recording and integrating 
motor activity in mice. By T. L. Curuscret, D. Groves and O. B. 


Saxsy. Department of Pharmacology, University of Oxford 


Motoneurone dimensions following fixation by perfusion or by 
immersion. By J.8. M. Fisuer. University Laboratory of Physiology, 
Oxford 

Transverse sections of upper lumbar cord (normal monkeys) have been studied 

to compare the dimensions of motoneurones after fixation by immersion or by 


perfusion. Cell measurements of the immersed material show a distinct 


shrinkage of nucleolus, nucleus and cell body when compared sn perfused 
material. 
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Kinetic gas analyser. By B. M. Wricut. National Institute for Medical 
Research, Mill Hill, London, N.W.7 


The analyser makes use of two physical properties of a gas, its viscosity and the 
velocity at which sound travels through it. It consists essentially of three 
parts, a jet (A), a capillary tube (C), a manometer (D), and a connecting 
tube (B), as shown in the diagram. 


Fig. 1 


_ A standard gas (usually air) is drawn through the system by means of a 
vacuum pump. When the ratio of the pressure upstream of the orifice A, to 
that downstream, reaches about 2:1 the velocity of the gas in the orifice 
reaches that of sound. Any further increase of the ratio, resulting from a 
further fall in the downstream pressure, while the upstream pressure remains 
constant, produces no increase in flow through the orifice. This is due to the 
fact that the velocity of sound is the rate of propagation of a pressure change 
- through a substance, so that a change in the downstream pressure cannot be 
propagated back against the stream once it has reached this velocity. Con- 
sequently the volumetric flow rate through the orifice becomes constant, once 
a sufficient vacuum has been obtained, and is proportional to the velocity of 
sound in the gas. 

The flow rate is measured by means of the manometer D which registers the 
fall of pressure across the capillary tube C. The pressure drop is proportional 


to the flow rate and to the viscosity of the gas. The effect of the gas density . 
is negligible, which is important. because the velocity of sound in a gas is” 


proportional to its density. 

The system therefore gives two signals in response to a change in the 
properties of the gas flowing through; the first in response to a change in 
viscosity and the second in response to a change in sonic velocity. If the 
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connecting tube B is short the signals are almost simultaneous, which is 
satisfactory for most purposes, but if it is made long the two signals can be 
recorded separately, which gives additional discrimination. 

A simple analyser has been constructed of glass, using an alcohol-mercury 
manometer which has the following characteristics: Flow rate, 100 ml./min; 
vacuum required, 600 mm Hg; response time, 10 sec. 

There are a number of gases and vapours of physiological and pharmaco- 
logical interest whose physical properties are suitable for analysis by this 
- method; examples are CO,, He, N,O, and the halogenated hydrocarbons. 

_ The response of the instrument to a 1% content of these gases in air is as 

follows: CO, or N,O 1 cm, He 12 cm, fluothane 10 cm. 

_ Owing to the great inherent stability of the system it is suitable for high 

amplification so that, by the use of mechanical, optical or electronic manometers 

higher sensitivity and frequency response could readily be obtained, and other 
gases, such as O,, to which the instrument is less sensitive, could be detected. 


A modified sampling system for the Max-Planck respirometer. 
By J. M. Brockway. Institute of Physiology, University of Glasgow 


A Max-Planck respirometer (Miiller & Franz, 1952) has been redesigned to 
enable the collection of larger samples of expired air than was formerly 
possible. The need for this modification arose from the use of physical methods 
of gas analysis which require a somewhat larger sample than is needed for 
volumetric analysis. An additional advantage is that there is a considerable 
reduction in the resistance to airflow through the respirometer. 

The sampling mechanism of the conventional respirometer has been 
removed and replaced by an electro magnetic pump energized by the discharge 
of an electrolytic capacitator. The alternate charging (from a 90 V h.t. 
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battery) and discharging of the capacitator is effected by means of a com- 
mutator rotated from the main crankshaft of the meter. Figure 1 shows the 
arrangement and electrical connexions of the components of the sampling 
device. The pump, which is of the same type as that fitted to the integrating 
motor pneumotachograph (Wolff, 1958), operates three times for each litre of 
air passing through the meter, and when set to its maximum stroke-volume 
delivers a sample of 0-8°% by volume. 

The modifications to the respirometer reduce the resistance to airflow 
through it by about 40%. The respirometer remains the same size as the 
conventional model though its weight is increased by 0-5 lb. The life of the 
battery is equivalent to the passage of more than 70001. of air through the 
respirometer. The temperature of the expired air is recorded on thermometers 
fitted at the inlet and outlet of the respirometer. The observed volume of air 
passing through the meter is reduced to standard conditions by using the mean 
temperature of these thermometers. | 

The modified respirometer has withstood use in strenuous exercises such as 
step-testing and uphill running, and has been used successfully in such 


hazardous situations as the melting-shop of a steelworks and a clinical 


research unit. 
This work is part of a project supported by the Scottish Hospitals Endowment Research Trust. 
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Oxytocic activity of blood applied directly to the ‘superfused’ 
uterus of the rat. By 8. Sippiqi and J. M. Wauxer. Department of 
Pharmacology, University of Oxford 

Samples of 0-5 ml. blood are taken through a polythene cannula from the 

carotid artery of a rabbit anaesthetized with urethane, and are applied directly 

“to the surface of an isolated rat uterus, previously soaked in dibenamine, 

which is ‘superfused’ with Jalon’s solution. After a sample is taken, the 


cannula is washed out with 0-9% NaCl containing heparin. Under these 


conditions blood has no oxytocic activity, and application of it to the uterus 
does not affect the response to subsequent doses of oxytocin. If a solution of 
oxytocin is infused slowly intravenously into the rabbit, samples of blood 
cause the uterus to contract, and after an initial period of about 10 min 
contractions remain reasonably constant in size, provided that the rate of 
infusion is constant and samples are applied not more often than once in 


5 min. If samples are tested more frequently, the size of contractions tends _ 


to diminish. | 
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Intracarotid injections of hypertonic or hot normal saline into the rabbit 
are followed by an increased oxytocic activity in the sample of arterial blood 
tested 1-5 min later. Intravenous injections of hypertonic and hot normal 
saline, and intracarotid injections of normal saline at body temperature, are 
without effect. 


The effect of ischaemia on the excitability of human nerve. By 


A. J. Butter and A. C. Dornnorst. St Thomas’s Hospital Medical 


School, London, S.E.1 


About 1-2 min after the application of an arterial occlusion cuff to the thigh 

the excitability of both motor and low-threshold afferent nerve fibres below 

the cuff increases, the effect being maximal after 5-7 min. Comparable results 
have been obtained in the arm. | 


Fig. 1. mabe recorded from surface electrodes on the geatpochmmine- -soleus muscle group in 
response’ to percutaneous stimuli over the popliteal fossa. An arterial occlusion cuff was 
inflated to 200 mm Hg 10 sec before record B and deflated 20 sec after record G. Records A 
and K show three superimposed sweeps, the remainder single sweeps. In all traces the early 
deflexion is due to stimulation of motor fibres and the late deflexion is due to stimulation 
of afferent fibres (Hoffmann reflex). A, before inflation of cuff B-G, 10sec, 1, 2, 3, 4 and 
6 min after inflation, H, J, K, 10 sec, 30 sec and 1 min after deflation. 


Similar alterations of excitability meee when either constant-voltage 


or constant-current stimuli were used, and with various positionings of the 


stimulating electrodes. Mechanical disturbances of the stimulating electrodes 
due to the inflation of the occlusion cuff _— immediate effects which 


could easily be distinguished. . 
b-2 
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Figure 1 illustrates the altered responses to similar percutaneous electrical 
stimuli applied to the medial popliteal nerve during a period of ischaemia 
produced by an arterial occlusion cuff applied to the thigh. 


A simple event-marker for use with the Cossor 1428 oscillograph 
camera. By J. M. Price-THomas. =" School of Physiology, 
St Thomas’s Hosyital, London, S.E. 1 


Activity of the partially exteriorized reticulum and rumen in 
conscious sheep. By C. 8. W. Rep and D. A. Trrcnen. Physiological 
Laboratory, University of Cambridge 


Animals in which the reticulum and different regions of the rumen have been 
partially exteriorized have been used to observe, film and record kymo- 
graphically sequences of contractions of the reticulum and rumen. The prepara- 
tion of partial exteriorizations of the reticulum has been described previously 
(Titchen, 1958); that of the rumen involves a laparotomy designed to place 
and retain part of the wall of the rumen in a subcutaneous position. 


Viscus | Skin 
Muscle | W 


Fig. 1. Method of recording from partial exteriorizations of the stomach. R, thread attached to 
skin over exteriorized part of stomach and leading to frontal-writing lever, F. Compensating 
thread, C, fixed at X and connected to housing of a light pulley, A, over which passes a 
thread attached to the flank or chest wall on either side of the exteriorization. B, a light 
double jockey-pulley held in tension by the weight, W. G, @, G, fixed guide-pulleys. 


The method of recording depends on distinguishing between the movements 
of the abdominal wall and of the exteriorized portion of the stomach. With 
_ this technique records of the movements of different parts of the stomach may 
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be obtained from animals restrained in slings with the minimum of inter- 
ference. Under these circumstances the possibility that the recording pro- 
_ cedures themselves excite or inhibit is less than with techniques which involve 
the introduction of balloons into the stomach. 

Disadvantages of the technique arise from the susceptibility of the records 
to interference from changes in position of the animals and from passive 
movements of the exteriorized part of the stomach due to contractions in 
another part; thus the reticulum record may show deflexions related to 
movements of the posterior dorsal sac of the rumen and apparently due to 
the movement of gas or other stomach contents from the rumen into the 
reticulum. Such passive movements are readily distinguished and the method 
provides a convenient and readily interpreted record of the activity of the 
parts of the stomach studied. 

Interference with the records due to movements of the animals has been 
reduced by the use of the pulley system shown diagrammatically in Fig. 1. This 
system, records obtained with it and a film used for teaching of the activity 
of the reticulum, dorsal and ventral sacs of the rumen are shown. 


REFERENCE 
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_ Twitch desynchronization and the back-response. By M. C. Brown 
and P. B. C. Matruews. University Laboratory of Physiology, Oxford 


Special forms of gas-analysis apparatus. By B. B. Ltoyp. Unwersity 
Laboratory of Physiology, Oxford 


The inulin, sucrose, chloride and sodium space of the isolated 
perfused rat heart, By J. A. Barcuiay, E. J. Hamury and Hetea 
Hoveuton. Physiology Department, University of Birmingham 


Determination of extracellular space by means of a foreign substance in the 
intact animal is bedevilled by the difficulty of deciding when equilibrium has 
been reached, if indeed it is ever reached. The isolated perfused preparation 
offers a system in which equilibrium might be reached fairly rapidly, par- 
ticularly if the isolated organ is small. Accordingly, the rat heart was chosen. 
for the experiment and perfused by means of the Langendorff cannula 


(Hamley, 1959). The perfusion fluid was oxygenated Ringer—Locke sin. 


(Lovatt Evans, 1956) with 0-2% glucose. The perfusion head was 30 cm, 
temperature was 30-35° 0 and the hearts were removed for analysis after 
2 hr perfusion. Two series of experiments were run, one using inulin as reference 
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substance, the other sucrose; in addition chloride and sodium were measured. 
For inulin the heart was cut into small pieces and placed in saline which 
was analysed after 45min. In Table 1 these results are compared with data 
from rats killed by concussion, the hearts being removed immediately for 
analysis. The figures in parentheses refer to number of hearts analysed. All 


TaBLE 
Hearts Perfused in Ringer—Locke soln. Fresh, unperfused 
Sucrose Chloride Sodium ‘Chloride Sodium 


R. auricle 24-8427 (12) 32-943-8 (14) 58-040-7(11) 60-040-9 (12) 52-241-7(19) 38-3+-1-6 (15) 
L. auricle (12) 25-842-5 (13) 58-542-3(11) 60-441-2(10) 54-0422 (16) 37-1+2-0 (14) 
R. ventricle 15-1408 (13) 22-441-8(14) 57-8413 (54) 49-741-3(14) 36-541-7 (26) 27-740-8 (27) 
L. ventricle 9:141-5(9) 19°5-1-0 (22) 47-041-3 (51) 46-2+2-4 (16) 30-341-0(27) 24:5+0-5 (27) 


data are expressed as spaces (ml./100 g). Whether one uses inulin or sucrose.as 
reference substance it appears that even in the fresh unperfused heart there 
must be a large amount of intracellular chloride and sodium, and that as a 
consequence of perfusion this increases, at any rate in the ventricle. 


REFERENCES 
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Cardiac output in cattle by the dye injection method. By E. W. 
Fisner and R. G. Darron. University of Glasgow Veterinary School 


Cardiac output has been determined in domestic animals by the Fick Method 
(Barcroft, Boycott, Dunn & Peters, 1919; Cross, Dawes & Mott, 1958) and by 
the injection method (Marshall, 1926; Schambye, 1952; Doyle, Patterson, 
Warren, Detweiler & Reynolds, 1958). 

Of the two methods the injection method seemed more suitable for the 
determination of the cardiac output of adult cattle since the procedures and 
equipment required were simpler and a technique for obtaining the serial 
arterial blood samples from cattle had already been developed (Fisher, 1956). 
The film presented illustrates the technique applied to cattle with Evans 
Blue as the intravascular indicator. 

A standard procedure was adopted to eliminate excitement and other Rises 
liable to cause alterations in cardiac output. Cattle were brought into a quiet 
room and allowed to settle down for at least 1 hr. About 1 hr before carrying 
out a determination the sites for venous and arterial puncture were infiltrated 
with a local anaesthetic and a nylon catheter was introduced into the jugular 
vein. After injection of the intravascular indicator, serial arterial blood 
samples were collected each second for a period of 30 sec. The cardiac output 
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| was then found by the techniques and calculation described by Hamilton, 
| Riley, Attyah, Cournand, Fowell, Himmelstein, Noble, Pennington, Richards, 
Wheeler & Withom (1948), 

_ Thirty determinations were made on twenty-six bovine subjects whose 
weights were between 100 and 600 kg. Outputs were calculated as ml./kg 
body wt./min and a mean value was found of 113 ml./kg/min with a standard 
deviation of + 11 ml. This value is similar to those found by Barcroft et al. (1919) 
for goats (129 ml./kg/min), by Cross e¢ al. (1958) for sheep (100 ml./kg/min), 
“i by Schambye (1952) for sheep (113 ml./kg/min) and is also similar to a non-basal 
3 (15) value given by Paul Wood (1958) of 122 ml./kg/min for the human subject. ‘@ 
fm It is higher than the basal value quoted for man of 85 ml./kg/min (Cournand, if 
5(27)] 1942) and higher than the cardiac output of one horse determined by Zunz & :@ 
Hagerman (1898) of 75 ml./kg/min. 
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Blood flow in the human calf after walking. By J. A. Haviipay. roe 
| Department of Physiology, The Queen’s University of Belfast a 
The changes in blood flow in the calf, after walking a short distance indoors at | 
varying speeds, have recently been reported by Black (1959). The present 
work extends these observations to walking round an outdoor track 0-25 miles 
_ long, for distances of 0-5, 1, and 2 miles (0-8, 1-6, 3-2 km) at speeds of 3 and 
5 miles/hr (4-8, 8-0 km/hr). Three subjects twice walked each distance at 
each speed. Blood flow was measured by the venous occlusion method with a 
plethysmograph filled with water at 34°C. Observations were made before : 
starting, and from 2 min after the end of walking until the i had subsided 
to the previous resting level. 
The average extra volume of blood, over and above the resting blood flow, | 
which entered each 100 ml. of calf during the recovery period was as follows. 
After walking at 3 m.p.h. for 0 5 miles 33 ml., for 1 mile 48 ml., and for 2 miles 
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62 ml. After walking at 5 m.p.h. for 0-5 miles 71 ml., for 1 mile 107 ml., and 
for 2 miles 146 ml. The times to complete recovery after walking 2 miles 
averaged 59 min for 3 m.p.h., and 99 min for 5 m.p.h. The longest individual 
time for recovery was 136 min after 2 miles at 5 m.p.h., and the shortest time 
was 16 min after 0-5 miles at 3 m.p.h. 

It is concluded that although the changes in blood flow were not very rigidly 
related to the severity of the preceding exercise, the disturbance to the 
circulation is much greater after walking a given distance at 5 m.p.h. than 
after walking at 3m.p.h. After walking 2 miles at 5 m.p.h. the extra blood 
flowing through the calf is equal to about 1 hr normal resting supply. 


REFERENCE 
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Dual circulation in skeletal muscle. By T. E. Bar.ow, A. L. Haicu 
and D.N. Watprer. Departments of Anatomy and Surgery, King’s — 
University of Durham, Newcastle upon Tyne, 1 


The increase in skeletal muscle blood flow which results fies intravenous 
infusion of adrenaline is not always paralleled by the change in rate of clearance 
of radioactive sodium [Miller & Wilson, 1951 (man); Walder, 1953 (man); 
Barlow, Haigh & Walder, 1958 (cat)]. This could be explained if arteriovenous 
anastomoses were present in the muscle, but a careful search has failed to 
demonstrate their presence Barlow et al. 1958 (cat)], so that an alternative 
explanation is required. 


By a method which involves the injection of “Na inte the nutrient artery 


of a cat’s semi-isolated biceps muscle and then subsequently following the 


clearance curve of the “Na, it is possible to demonstrate the existence in the 
muscle of two regions from which the “Na clears at different rates. One region 
clears slowly and presumably has a poor blood supply and the other region 
clears quickly and presumably has a rich blood supply. The location of these 
two regions can be determined by the use of autoradiography. 

The slowly clearing region consists of intermuscular septa and tendons of 
the muscle and the rapidly clearing region consists of the muscle fibres. Histo- 
logical preparations of the cat’s biceps made by injection techniques confirm 
that muscle fibres have a rich blood supply, whereas the intermuscular septa 
and tendons have a relatively poor blood supply. | 

_ If injections of sufficiently small volume (0-05 ml.) of Na are made into 
the cat’s biceps muscle, it is possible to keep the *Na localized either to areas 
consisting (a) mainly of muscle fibre, or (b) mainly of intermuscular septa 
and tendons. Under these circumstances, the increased blood flow resulting 
from intravenous infusion of adrenaline causes an increased rate of “Na 
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clearance from the former, but a decreased rate of clearance from the latter. 
In some experiments the clearance rate of “Na from intermuscular septa and 
tendon is unaffected. 

It appears that in those experiments in which the intravenous infusion of 
adrenaline does not cause an increased clearance rate for localized injections — 
of Na in spite of an increase in muscle blood flow, either the “Na is not 
located in the muscle fibre area of the muscle, or else the intravenous infusion 
of adrenaline is not started until after all the Na has been cleared from the — 
muscle fibre so that the clearance observed is that of the “Na remaining in the 
- jntermuscular septa or tendon of the muscle. 

The apparent lack of relationship between *4Na clearance and blood flow, 

seen in the cat’s skeletal muscle during the intravenous infusion of adrenaline, . 
can be accounted for by the presence in the muscle of a dual circulation, one 

part of which serves the muscle fibres - the other _— the intermuscular 

septa and tendons. 
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Cutaneous vasomotor nerves in the upper arm, calf and thigh. By 
D, A. Buatr, W. E. Grover and I. C. Roppiz. of Physiology, 
The Queen’s U niversity of Belfast 


Experiments were performed on healthy young adults in a comfortably warm 
- room (temperature 21-23° C). Blood flow was measured in both upper arms 
in four subjects by venous occlusion plethysmography. The cutaneous nerves 
to the upper arm on one side were located by faradic stimulation and blocked 
by infiltrating 1-2 ml. 2% lignocaine with adrenaline 1/80,000 around each 
of them. Nerve block caused little change in blood flow in the experimental 
side relative to that in the control side. In one case the blood flow rose slightly, 
in one it fell slightly and in two remained unchanged. 

The subjects were then cooled for about 20 min by directing a fine spray of 
iced water over their chests and abdomens. In each case body cooling caused 
the blood flow on the innervated side to fall below that on the nerve-blocked 
side, indicating the presence of vasoconstrictor fibres to arm skin. The subjects 
were then heated by immersing their feet and calves in water at 44° C. This 
caused the blood flow in the innervated side to rise substantially above that 
in the nerve-blocked arm, indicating the presence of vasodilator fibres to arm — 
skin. 

Four experiments of similar design were carried out on the leg. Calf blood 
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flow was measured in two of these and thigh blood flow was measured in the 
other two. The results were essentially similar to those obtained in the arm. 
The cutaneous vasomotor control of the arm, calf and thigh is thus similar 
to that of the forearm (Grant & Holling, 1938; Edholm, Fox & Macpherson, 
1957; Roddie, Shepherd & Whelan, 1957a). When a subject is comfortably 
warm the skin vessels are not subjected to any appreciable vasoconstrictor or 
vasodilator tone. In response to body cooling, however, skin blood flow is 


_ reduced by the activity of vasoconstrictor fibres, whereas in response to body 


heating skin blood flow is increased through the activity of vasodilator fibres. 
The innervation of the skin in these areas is in marked contrast to that of the 
hand and foot where the vessels are normally subject to a high degree of 
vasoconstrictor tone and there is no evidence for vasodilator nerve activity 
during body heating in normal subjects (Arnott & mace, 1948; Gaskell, 1956; 
Roddie, Shepherd & Whelan, 19576). 
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Absence of variation in the distribution of ribonucleic acid in the 
adrenal cortex during the oestrous cycle. By J. K. Burns. 
Department of Physiology and Biochemistry, Queen’s College, Dundee, 
University of St Andrews 

Cytophotometric and chemical methods have been used to show that there is 

no significant alteration in mean nuclear deoxyribonucleic acid in the adrenal 

after administration of adrenocorticotrophin (Burns, Hale & Hutchison, 1956; 

Hutchison, Burns & Hale, 1958). Adrenocorticotrophin (ACTH) causes an 

increase in the ribonucleic acid (RNA): deoxyribonucleic acid (DNA) ratio in 

the human adrenal (Symington & Davidson, 1956), in the rat adrenal (Fiala, 

Sproul & Fiala, 1956) and in that of the guinea-pig (T. R. Ramaiah, personal 

communication). These results indicate that ACTH is responsible for an 

increase in mean cellular RNA in the adrenal. Since, in the guinea-pig, this 
increment in RNA precedes deposition of lipid in the zona fasciculata and 
zona reticularis (though not in the glomerular zone) it has been ‘suggested that 

RNA is associated with synthesis of corticoids, and that the distribution of 

RNA in the adrenal cortex is an indication of the functional staté of this organ 

(Burns & Hale, 1959). 


Since female animals were used for previous investigations involving adreno- 
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cortical RNA (Burns, 1958; Burns & Hale, 1959) it was considered advisable 
to examine the distribution of RNA, in the adrenal, during different phases of 
the oestrous cycle. Furthermore, it has been suggested that there is a synergistic 
action between oestrogens and ACTH (Gompertz, 1958). Ifthe enlargement of 
the adrenal at oestrus is associated with increased functional activity of the 
adrenal cortex there should be an increase in adrenocortical RNA at this time. 

Three groups, of eight rats each, were used for investigation of the distribu- 
tion of RNA during the oestrous cycle. Vaginal smears were examined daily 
for 10-14 days, and the animals were killed at oestrus, early dioestrus or 
dioestrus. Sections were stained for RNA and for lipid. No variation in the 
distribution of RNA was found. No consistent change was evident in the 
distribution of lipid. 

It thus seems that there is no variation in the functional activity of the 
rat adrenal cortex during the oestrous cycle. This suggestion requires confirma- 
tion by estimation of circulating adrenal corticoids, in the rat, during the 
- different phases of the oestrous cycle. 
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Effect of adrenal steroids upon cation excretion at night. By 
J. N. 8S. Taomas and K. 8. Department of Physiology, 
University of Manchester 


In the. afternoon, doses of aldosterone, deoxycorticosterone (DOCG) and 
cortisol which produce similar sodium retention differ in their action on 
potassium and hydrion excretion (Mills, Thomas & Williamson, 1959). Cortisol 
promotes potassium excretion, whereas the other two steroids stimulate ~ 
excretion of both hydrion and potassium. The same steroid preparations, in 
the same dosage, have now been given to healthy subjects at bedtime, and the — 
urine of a whole night has been collected. In most control collections of night 
urine, hydrion excretion is high and excretion of sodium and potassium is low. 

Steroids produced little fall in sodium excretion, except in subjects whose 
control excretion was high. Cortisol increased potassium excretion, but at the 
expense of hydrion output; aldosterone and DOCG caused only minor and 
often non-significant increases in output of hydrion and potassium. 

Since the action of aldosterone in single intravenous doses is said to be 
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rather brief, it was given intramuscularly in all but two experiments. To find 
out whether the slight activity of aldosterone, in subjects whose control 
sodium excretion is low, was due to an initial period of activity, masked by 
pooling of the urine with that produced in the latter half of the night, further 
experiments were performed. One subject, by setting an alarm clock to wake 
him after 4 hr of sleep, collected his night urine in two equal periods. This was 
done on six occasions, three with and three without aldosterone injection. 
The increase in potassium output was more evident in the first half than in the 
whole night, but was far below that produced by cortisol. In no other respect 
did the effect of aldosterone appear to be greater over the first 4 hr of sleep 
than over the whole night. 

It is tentatively suggested that the direct action of cortisol is to stimulate 
tubular secretion of potassium, in exchange for sodium. Under most circum- 


stances this leads to a lower sodium excretion; but if, as at night, sodium 


reabsorption is already almost complete, potassium-sodium exchange occurs 
at the expense of the parallel hydrion-sodium exchange. By contrast it is 
suggested that aldosterone and DOCG stimulate sodium reabsorption, in 
exchange for potassium and hydrion in varying proportions; when, as at 
night, sodium reabsorption is already nearly maximal their effect is slight. 
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The antagonism of dibutamide to the menstrual stimulant. By 
H. J. Crirneror* and V. R. Picxies.* Department of Physiology, 
University of Sheffield 


_ The ‘menstrual stimulant’ is a slowly acting plain-muscle stimulant found in 
_ menstrual fluid (Chambers & Pickles, 1958). It is thought that this or some- 


thing very similar stimulates the myometrium during menstruation and that 
dysmenorrhoea may result from an excess of such stimulation. The responses 
of myometrial preparations have been described in detail (Pickles, 1959). 

Dibutamide (ambucetamide or p-methoxyphenyldibutylamino-acetamide) 
has been claimed to alleviate dysmenorrhoea (Carpenter & Janssen, 1955). 
It is thus of interest to see whether it will antagonize the menstrual stimulant 
in vitro. | 

In the first seven experiments on human myometrial preparations, a single 
dose of dibutamide (12-24 g/ml.) applied for 10-30 min was found to decrease 
or toabolish the responses to the menstrual stimulant, even after the dibutamide 


_ had been washed out. In another experiment, dibutamide (120g/ml.) com- 


pletely abolished both the spontaneous activity of the preparation and its 
* Present address 1959-60: Department of Experimental Medicine, University of Cambridge. 
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responsiveness to the menstrual stimulant. In a similar series of experiments, 
the same concentrations of dibutamide inhibited the responses to Pitressin 
(vasopressin; Parke, Davis); the inhibitory effect on the human uterus is thus 
not specific to the menstrual stimulant. 

The guinea-pig uterus was sometimes stimulated by dibutamide and its 
responses to Pitressin or to the menstrual stimulant were not inhibited ; in fact 
the latency of its response to the latter was diminished from a few minutes 
to a few seconds. The guinea-pig duodenum and cat small intestine were 
caused to contract slowly while their responses to the menstrual stimulant 
were decreased. 

These results are consistent with the claim that dibutamide has some 
effectiveness in alleviating dysmenorrhoea. They also show that it may be 
misleading to use the guinea-pig uterus im vitro in attempting to assess the 
value of an anti-spasmodic for this disorder. | 


One of us (H. J. C.) holds a studentship from Allen & Hanbury Ltd. to whom we wish to 
express our thanks. The dibutamide was kindly supplied by Dr P. F. D’Arcy. 
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Positive extracellular spikes recorded in the antidromically 
activated motor cortex. By R. Erron. M.R.C. Neurological Research 
Unit, National Hospital, Queen Square, London, W.C.1 


Positive or positive-negative unitary extracellular potentials have only rarely 
been reported during micro-electrode recordings in grey matter and have not 
received the attention so far given to the common negative potentials. After 
stimulation of the pyramidal tract such positive extracellular spikes constitute 
only 1-3% of all unitary responses seen in the motor cortex of kittens. 
Major differences between positive and negative units recorded extra- 
cellularly are: (1) The voltage of positive spikes is frequently between 3-12 mV, 
while negative spikes rarely exceed 1-5 mV. (2) Negative units can be recorded 
over distances as great as 100-250. In contrast, the potential gradients 
of positive spikes are steep, the potential appearing and increasing to maximum 
amplitude with electrode movements of less than 80 ~. Thus, positive 
spikes are more difficult to detect, especially in the presence of tissue pulsa- 
tion. (3) Negative potentials from more than one unit are frequently recorded 
simultaneously. It is rare to see a positive potential from more than one unit 
at a time, but usual to see the positive unit in a cluster of negative ones. 
(4) Penetration of positive units with electrode movements of a few micra is 
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common and stable membrane potentials have been secured. Negative units, 
generally more difficult to puncture, have not, so far, yielded prolonged 
intracellular records. (5) When first detected, many units are initially negative 
but develop an early positive spike as the micro-electrode is advanced (Phillips, 
1959). (6) Positive units are rarely seen with electrode tips greater than 1. 

Positive units having A/B segmentation display, when subjected to closely 
paired antidromic shocks, a dissociation of these components of the spike. 
The A component will discharge again to a threshold stimulus in 1-0—1-4 msec, 
while the B component requires 2:2-2-8 msec. A second complete A/B complex 
evoked at the minimum interval at which the B component appears has 
marked A-B delay. Frequently noted are smaller amplitude positive spikes 
displaying no A/B segmentation. These have the same range of refractory 
periods as the A component. 

Subsequent intracellular records from such positive units are identical to 
those previously reported (Phillips, 1956, 1959).. Comparison of extracellular 
with intracellular records from the same unit indicates that the extracellular 


wave form is the attenuated derivative of the intracellularly recorded action 


potential (Freygang, 1958). It appears likely that the differentiation can be 
attributed to membrane which cannot itself generate an action potential. 
There is no evidence which permits the positive identification of such a 
membrane. Ifthe axon, axon hillock and proximal dendrites can be reasonably 
excluded on the grounds that they conduct a propagated impulse, the soma 
membrane would then remain as the most likely source for the current flow 
producing these positive extracellular potentials. 
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Cortical thresholds for minimal synaptic action on cat moto- 
neurones. By J. H.C. Hern* and C. G. PHILLIPS. University Laboratory 
of Physiology, Oxford 

In the cat, sample corticospinal cells can be excited to sigh betesaue repetitive 

discharge by overlying cortical shocks that may be five to ten times too weak 

to cause movement (Phillips, 1956). Do the resulting corticofugal- impulses 
impress subliminal effects, either ET or inhibitory, on spinal 
motoneurones? 


Cortically evoked excitatory synaptic SUNT ee have been recorded intra- 
* M.R.C. Scholar, 
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cellularly from fifty-one cervical and twenty-one lumbar motoneurones in cats 
under light hexobarbitone anaesthesia. (Inhibitory synaptic potentials have 
been remarkably inconspicuous even when K,SO,-filled micro-electrodes have 
been used.) When the cells had been penetrated and identified by antidromic 
stimulation of cut limb nerves, the opposite motor area was stimulated with 
single surface-positive square current pulses of 10-0 msec duration. One-third 
of the cervical and nine-tenths of the lumbar motoneurones had cortical 
thresholds of 0-5 to 1-0 mA. Two-thirds of the cervical motoneurones had 
thresholds below 0-5 mA, the lowest being 0-2 mA (2 cells only). Yet even 
weaker shocks (0-1 mA), applied to the arm area on the coronal gyrus, have 
been found to make corticospinal neurones on the convexity of that gyrus fire 
repetitively (Phillips, 1956). 

These relatively high thresholds might be due to failure to stimulate in the 
best place. However, for many of the cervical cells, a roving focal electrode 
was used to map the area of cortex from which a minimal synaptic potential 
could be obtained. For the remaining cervical and all the lumbar cells, fixed 
focal electrodes, selected by a switch, were used for stimulating. It is unlikely 
that the thresholds thus measured were much too high, because the distances 
between the fixed electrodes were of the same order as the extent of the areas 
mapped with the roving electrode. For the lumbar motoneurones it is possible 
_ that the areas of lowest threshold lay in the depths of the cruciate sulcus. 
Sample corticospinal cells in the depths, however, responded with at least one 
impulse to surface shocks of strength 0-25 mA (Phillips, 1956). | 

The varying cortical thresholds imply that varying amounts of summation 
are necessary if corticofugal impulses are to exert even minimal synaptic 
actions on motoneurones. This result agrees with Lloyd (1941) in affording no 
evidence for the existence of an effective monosynaptic connexion from motor 
cortex to motoneurones in cats, When, with increasing stimulus strength, the 
synaptic potentials grow larger, their latency usually shortens by 5-10 msec. 
The shortest latency, measured from the beginning of the cortical shock, was 
5-0 msec. In two cats, we also recorded the pyramidal wave in the lateral 
column of the cervical cord, and found that it began 1-6-2-0 msec after the 
start of the cortical shock. Thus the minimum delay between the earliest re- 
corded pyramidal activity and the start of the synaptic potential was 3-0 msec. 
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A possible mechanism for the initiation of chemoreceptive 
impulses. By J. D. Lever and P. R. Lewis. Department of Anatomy, 
University of Cambridge 

An electron-microscopic investigation of cat and rabbit carotid bodies has 
demonstrated the presence within the glomus cell cytoplasm of membrane- 
bound, osmiophile granules about 0-05-0-15 y. in diameter (Lever & Boyd, 1957). 
Their appearance in electron micrographs is reminiscent of two other types 
of cytoplasmic granules: those in the adrenal medulla known to contain 
catechol amines and those in certain intestinal cells thought to contain 
5-hydroxytryptamine or some closely related substance. Various histochemical 
tests for phenolic amines were therefore applied to sectioned material from 
carotid bodies, adrenals and intestine. Under the appropriate conditions, the 
glomus cell cytoplasm exhibits marked argyrophilia, reduces ferricyanide ions 
to give a positive Schmorl reaction, is coloured yellow by diazonium salts and 
gives a positive chromaffin reaction. The cytoplasm of adrenal medullary cells 
gives very similar reactions though the — of staining is always greater 
than in the glomus cells. 

That the phenolic-amine responsible for these histochemical reactions of 
the glomus cell is contained in the osmiophile granules cannot be proved directly 
since the latter are below the resolving power of the light microscope. It is 
significant, however, that marked depletion of the granules occurs in carotid 
bodies removed less than an hour after an intravenous injection of reserpine. 
(The same dose of reserpine causes a similar though somewhat slower depletion 
of the catechol bodies in the adrenal medulla.) It is tentatively suggested that 
these membrane-bound particles contain a transmitter substance, chemically 
related to adrenaline, which when released by anoxia or other appropriate 
stimuli is responsible for initiating nerve impulses in the sensory nerve 
terminals that are closely applied to the walls of the glomus cells. It is of 
interest that the intracarotid injection of small doses of reserpine causes a 
prolonged burst of chemoreceptive impulses in Hering’s nerve (Dontas, 1957). 
An interesting parallel to this suggested mechanism in the carotid body is pro- 
vided by a recent observation of Comline & Silver (1958) who found that the 
denervated adrenal of the foetal sheep secretes noradrenaline in response to 
anoxia, 
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The secondary endings of muscle spindles. By Sysm Cooprr. 
Unwersity Laboratory of Physiology, Oxford 


A group of stretch receptors in mammalian limb muscles send impulses to the 
dorsal roots at a conduction rate of about 50 m/sec (Merton, 1953; Hunt, 
1954). Histological evidence suggests that these impulses come from the 
secondary or flower-spray endings of the muscle spindles. 

These receptors and their discharges have been investigated in the cat’s 
soleus and compared with the discharges from the primary endings of the 
spindles. The units have been identified in the dorsal roots by their conduction 
rate following a shock to the muscle nerve and by their sustained response to 
a stretch of the muscle. The units from the secondary endings usually occur in 
the same tiny rootlets as units from the spindle primary endings and from 
tendon organs of the same muscle. As a result of the shock to the motor nerve, 
both these receptors may produce ‘early’ discharges (Hunt, 1954; Granit, 
Pompeiano & Waltman, 1959) which arrive at the dorsal roots about the same 
time as the direct but more slowly conducted impulse in the nerve fibre of 
the secondary ending. Care must therefore be taken that these ‘early’ dis- 
charges are not confused with an impulse in the secondary ending fibre. 
Only about ten secondary ending units have been identified and isolated 
sufficiently for extended observations, but certain clear patterns of behaviour 
have emerged. 

In decerebrate and spinal preparations with motor roots intact the units 
show a slow regular discharge which stops in active contraction, whatever the 
strength of the stimulus or the tension of the muscle; it is resumed again in 
relaxation. During a maintained stretch of 4 mm the discharge rate increases 
by about 1-2 impulses/sec/mm (compared with three or more impulses in the 
primary endings) and adapts very slowly. . During the application of stretch 
the rate hardly exceeds that reached during a maintained stretch. In this the 
secondary endings are quite unlike the primary endings which discharge at 
very rapid rates during the dynamic phase of stretch. During release of 
stretch, the secondary endings often do not stop discharging completely. 

The discharges of the primary endings can be divided into two groups 
similar to those described by Matthews (1933) and called by him A, and Aj. 
The A, group in the fast fibres has some similarities with the discharges from 
the secondary endings, so that Matthews may have had discharges from both 
_ kinds of ending in his large A, group. 

Gold chloride studies show that the soleus contains spindles with one, two 
or no secondary endings and that the total number of secondary endings is 
about equal to the total number of primary endings. The presence or absence — 
of the specialized intrafusal muscle fibres associated with the secondary endings 
(Boyd, 1959) may well modify the behaviour of the primary ending in the 
same spindle. 
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f-efferent fibres in nerves to mammalian skeletal muscle. By I. A. 
Boyp and Mary R. Davey. Institute of Physiology, University of Glasgow 


Compound action potentials were recorded from muscle nerves in both hind 
limbs, in response to the simultaneous stimulation of ventral spinal roots 
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Fig. 1. Fibre-diameter in » plotted against percentage of total number of fibres in a deafferented 
tenuissimus nerve. Inset: upper trace, compound a.p. recorded from the same nerve on 
stimulation of ventral roots L4-S1; y wave partly obscured by electrical artifact associated 
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with twitching of back muscles; lower trace stimulus. 1 msec=5-25mm. Conduction 


velocities for the peaks of the a.p. are given at the bases of the corresponding histogram 
ety arrows indicate fibre diameter given by dividing the conduction velocities by a factor 
of six. 
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L4-S1, in cats in some of which one hind limb was completely deafferented 
2-6 months previously. Fibre-size histograms of normal and deafferented 
nerves from thesame animal were obtained afterwards from transverse sections. 

The motor compound a.p. in six tenuissimus nerves showed a sharp f wave, 
with threshold about twice « threshold, between the « and y waves. L5 con- 
tributed only B and y, L7 usually only « and L6 «, 8 and y, components. In 
normal nerves, which contain 20-30 « fibres of which slightly less than half are 
motor, the «, 8 and y peaks occurred at conduction velocities of about 80, 40 and 
25 m/sec, respectively. In a deafferented nerve the peak conduction velocities 
were greater (x = 90, 8B = 63, y = 39 m/sec; Fig. 1 inset); stimulation of 
dorsal roots L4—S1 produced no response, showing that deafferentation was 
complete. The corresponding fibre-size histogram (Fig. 1) shows distinct «, B 
and y peaks, and conduction velocity. values obtained from the compound 
a.p. peaks, and by multiplying the peak diameters by a factor of 6 (Hursh, 
1939), agree closely. The peak at 3 is attributed to axon sprouting. The 
prominence of the 8 wave in the tenuissimus nerve may be due to the relat- 
ively high ratio of spindles to extrafusal fibres in. this muscle. 

The B- and y-efferent fibres probably correspond to the two types of spindle 
 efferents referred to by Boyd (1959) as both having conduction velocities in — 
the y range, and to those described by Pascoe (1958). The f-efferents almost 
certainly end in the motor end-plates on the large intrafusal muscle fibres of 
| — spindles (Boyd, 
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The effect of loading upon the frequency of muscle tremor. By 
J. G. Rosson.* Physiological Laboratory, University of Cambridge 
_ It has been reported several times that there is a negligible change in the 
frequency of the rhythmic component of muscle tremor when the inertial load 
acted upon by a voluntarily contracted muscle is increased (Griffiths, 1888; 
Block & Busquet, 1904; Kuhnke, 1952; Marshall & Walsh, 1956; Halliday & 
Redfearn, 1956). It has been assumed that this finding implies that the 
frequency is independent of the mechanical load. This assumption, if correct, 
would be inconsistent with the theory that the presence of an apparently 
rhythmic component in muscle tremor results from the activity of the stretch 
reflex (Hammond, Merton & Sutton; 1956; Halliday & Redfearn, 1956). 
The effect of altering the phase relation between the tension developed by 
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the flexor muscles of the forearm arid the motion of the forearm produced has 
been studied. It is found that the frequency of the rhythmic component of the 
fluctuations in position of the wrist decreases as the compliance of the spring, 
in which the subject is developing a constant mean tension, is increased, The 
frequency also depends to a cae extent upon the mean tension, — lower 


at lower tensions. 
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Fig. 1. Sead of the rhythmic component of forearm flexor tremor as a function of the mean 
tension exerted at the wrist. The four curves are for different values of the compliance of 
the spring (attached to the wrist and lying parallel to the upper arm) in which tension was 
developed. Compliances were (cm/m dyne) O, 0:14; x, 0-25; @, 0-51; A, 0-97. 


It is concluded that the appearance of a rhythmic component in muscle 
tremor is indeed a consequence of the low margin of stability of the stretch 
reflex servo at that frequency at which reflex muscular contraction exactly 
augments the displacement producing it, for at this frequency the amplifica- 
tion of random disturbances is greatest. 
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Structural features relating to the mechanism of tonic contrac- 
tion in certain molluscan smooth muscles. By Jean Hanson 
and J. Lowy. Medical Research Council —— Research Unit, King’s 
College, London, W.C.2 


Electron micrographs show that the contractile apparatus of muscles like the 
anterior byssus retractor of Mytilus (ABRM) or the translucent portion of the 
adductor of Gryphaea consists of two kinds of filaments distinguished by 
differences in diameter and fine structure (Figs. 1a and 6). Regularly spaced 
bridges connect filaments of one kind to those of the other (Fig. 1c). In the 
ABRM, transverse sections of extended and shortened muscles show no 
differences in the diameters of the thicker filaments or in their number per 
unit area, indicating that the thicker filaments are discontinuous along the 


Fig. 1. (a) T.S. translucent part of Gryphaea adductor muscle. (b) Relaxed ABRM sectioned longi- 
tudinally with knife edge parallel to fibre axis. (c) ABRM sectioned longitudinally with knife 
edge perpendicular to fibre axis. Compression in + le, direction disturbs the fine structure 
of the thick filaments. 


fibre and do not shorten when the muscle shortens. The same conclusion as 
_ Tegards the thinner filaments in the Gryphaea muscle can be drawn from other 
evidence. On these grounds we suggest that such smooth muscles, like cross- 
striated muscles -hite & Huxley, 1955) contract by a sliding filament 
mechanism. 
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The thick filaments in these and other tonic molluscan muscles show a 
145 A axial periodicity (Fig. 1b) attributed (Hanson, Lowy, Huxley, Bailey, 
Kay & Ruegg, 1957) to a protein identified (Bailey, 1957) as a tropomyosin. 
The suggestion has been made (e.g. Bailey, 1957) that this feature is correlated 
with tonic specialization. It has not been found in cross-striated muscles or 
in certain non-tonic smooth muscles of cephalopod molluscs (Hanson & Lowy, 
1957). However, we have now seen a similar 145 A axial periodicity in 
‘crystals’ reconstituted from a protein solution extracted in large amounts 
from one of these cephalopod muscles. 

Johnson & Philpott (1959) claimed that the 145 A axial periodicity is absent 
in the relaxed ABRM, and accordingly suggested that the tonic response is 
due to a ‘catch’ mechanism mediated by crystallization of the protein in the 
thick filaments. However, we find that this fine structure is visible in the 
ABRM fixed either when relaxed or during a tonic response. 
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Low-angle X-ray diffraction patterns of smooth and striated 
muscles. By G. F. Extiorr and C. R. Worraineton. Wheatstone 
Physics Laboratory and Medical Research Council Biophysics Research 
Umit, King’s College, London, W.C.2 


On the basis of low and moderate angle X-ray diffraction studies on a variety 
of muscles Bear (1945) suggested that two patterns could be obtained. Type | 
had a basic axial period of 725 A and true meridional reflexions at orders of 
145 A (725/5). Type Il had a basic period tentatively suggested as 350—-420A 
and true meridional reflexions at orders of 27 A. The type I pattern, called the 
-“paramyosin’ pattern by Hall, Jakus & Schmitt (1946), is obtained only from 
certain smooth muscles of invertebrate animals, mainly the so-called ‘catch’ 
muscles of lamellibranch molluscs. Traces of the type II pattern have been 
observed in all muscles so far examined, and it is given by preparations of 
purified actin (Astbury & Spark, 1947; Cohen & Hanson, 1956). Huxley (1953), 
using slit collimation, observed in living frog sartorius muscle a type I! 
_. pattern, and also orders of a spacing which he quoted as 415 A and attributed 
actin. 


_ Comparative studies on the smooth anterior byssus retractor muscle of 
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Mytilus, both parts of the smooth adductor of Gryphaea, the frog sartorius and 
rabbit psoas muscles, now make it clear that there is a basic similarity between 
the ‘paramyosin’ reflexions and the long spacings observed by Huxley. 

By point collimation, wet muscles were examined after glycerol extrac- 
tion or formaldehyde fixation. In all cases there is a strong meridional reflexion 
at 145 A and a weaker one at 72-5. A. As Bear (1944) pointed out, in the 
‘paramyosin’ muscles the ‘fifthing’ indicates a fibre axis period of 145 x5 
=725 A. In the striated muscles our results, in conjunction with those of 
Huxley, suggest an axial period of 145x 3=435 A, although we cannot be 
certain of this until we have examined living muscle with point collimation. 

We suggest that all these muscles give reflexions, based on 27 A, which may 
be attributed to actin, and other reflexions, based on 145 A, which may be — 
attributed to myosin in striated muscles (C. R. Worthington, to be published) 
or ‘paramyosin’ in ‘catch’ muscles. Thus, from the X-ray point of view, there 
is an underlying similarity between smooth ‘catch’ muscles and striated 
muscles. 

The ‘paramyosin’ reflexions have been correlated with the structure of the 
thick filaments seen with the electron microscope in sections of the intact 
opaque adductor of Gryphaea (Elliott, 1959). It is worth noting that by taking 
the ‘paramyosin’ structure deduced from the X-ray pattern and tilting it 
a few degrees with respect to the fibre, the axial period along the fibre can be 
_ changed from 725 A to about 430 A. 

From the structural point of view there appears to be no great distinction 
between myosin and ‘paramyosin’, and it may well be that the differences are 
due to two arrangements of similar protein-building blocks. 
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| Sensibility of patients to linear acceleration after unilateral 
labyrinthectomy. By E.G. Watsu. Physiology Department, University 
of Edinburgh 


According to Quix (1925) the saccule is sensitive principally to lateral move- 
_ ments of the head, the utricle to movements in the sagittal direction. Others. 
have considered the saccule as being concerned only with vibration. To test 
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Quix’s hypothesis the sensitivity to motion of patients following unilateral 
labyrinthectomy has been investigated. The person lies on a stretcher suspended 
at its corners by four wires. To the underneath of the stretcher is attached a 
jointed frame which restrains the stretcher’s movements to one plane. The 
frame can be rotated. On the frame is mounted a ram into which oil may be 
driven from a reservoir by compressed air; the oil serves to damp unwanted 
oscillations. The person is thus exposed to a short period of acceleration 
followed by a much more prolonged period of gentle deceleration which is not 
felt. The person indicates the direction of movement, and the least acceleration 
required is measured. 

Six patients who had lost the vestibular apparatus on one side were studied. 
There was found a systematic difference in threshold depending upon their 
position. Lying on the side of the lesion the threshold was consistently higher 
than when lying on the normal side. In the recumbent position no evidence 
was found that they were especially insensitive to movements in any particular 
direction. These results suggest that the saccule may be concerned in the 
responses but not in the way that would be predicted on Quix’s view. It has 
been suggested that a shearing movement of the otolith membrane on the 
macula is the essential stimulus. In the present experiments such a movement 
would be produced most readily with the macula parallel to the stretcher, but 
the direction of the gravitational bias evidently must be considered too. 

The author is indebted to Professor N. M. Dott and Mr I. Simpson- Hall for access to clinical 
material. 
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Extraction of substance P from nervous tissue. By ELizaBerH 


Leacu. Department of Physiology, St Mary’s Hospital Medical School, 
London, W.2 


_ An acetone-dried powder of nervous tissue was prepared and portions of it 


were extracted for substance P with acid, as described by Amin, Crawford & 
Gaddum (1954). The scatter of the results was wider than could be explained 
by the inaccuracy of the biological assay. The extraction method was therefore 


modified in an attempt to obtain reproducible results. The procedure which 


has so far proved most satisfactory involves treating the acetone-dried powder 
with n-butanol before extracting it with acid. ; 
When this was done, the mean amount of substance P extracted from the 
dorsal roots of cattle was 78 units P/g acetone-dried powder (approximately 
equivalent to 13 units P/g fresh tissue) and the standard deviation was 15%. 
When the butanol treatment was omitted the mean amount of substance P 
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was 58 units P/g acetone-dried powder (9-8 units/g fresh tissue) and the standard 
deviation was 25%. 

‘These results show that significantly more substance P can be extracted 
from nervous tissue after treatment with n-butanol suggesting that part of 
the substance P is bound to insoluble material. Since butanol is known to split 
lipoproteins (Morton, 1955) this material may be a lipoprotein. 

With the butanol technique the concentration of substance P found in the 
- dorsal roots of cattle was 3-1 times that found in ventral roots. 
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Further observations on substance P in degenerating nerve. By 
PamELa Hotton. Department of Physiology, St Mary’s Hospital Medical 
School, London, W.2 


Previous experiments have shown that the concentration of substance P falls 
in the distal end of a degenerating nerve and rises in the proximal end (Andrews 
& Holton, 1958; Holton, 1959). It was concluded that the substance P is 
formed in the nerve cell and moves down the axon towards the nerve endings. 
These experiments have now been repeated and extended with an improved — 
technique for the extraction of substance P (Leach, 1959) and with precautions 
against regeneration of the nerve. 

The earlier findings were qualitatively confirmed but the greater reliability 
of these results requires that their interpretation must be modified. 

In the proximal stump of the severed nerve the concentration of substance P 
increased to a maximum of six times that of the contralateral nerve after 
4 or 5 days. Thereafter it fell but remained above the control level. Since the 
dry weight of the nerve also increased during retrograde degeneration, the 
absolute quantity of substance P was about twice that in the intact nerve 
even after 56 days. | 

The substance P concentration in the distal end of the dusinaraitad nerve 
_ fell in 7 days to a mean of 36% of that in the contralateral intact nerve. There 

is no evidence that this concentration changed between 7 and 56 days after 
dividing the nerve. During this period the degenerating nerve contained 
residual substance P varying, in different animals, from 5 to 73% of that in 
the contralateral nerve. In these experiments this variation cannot be attri- 
buted to inefficient extraction of substance P nor to regeneration. It must be 
concluded that a variable proportion of the original substance P remains in 
the degenerating nerve for some weeks after the neuronal source has been 
removed and the axon itself has disappeared. This fraction cannot be 


ad 
4 
} 
| 
3 
{ 
1 
é 
4 


36P PROCEEDINGS OF THE PHYSIOLOGICAL 


concerned with normal nervous activity. An alternative explanation of the 
results would be that more than one substance is extracted from the tissue. 
The rest of the substance P (i.e. the fraction that disappears on degenera- 


formed in the nerve Cell and transported along the axon towards the nerve 
endings as was suggested before. 
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The vitamin B,,, folic acid and ascorbic acid of bone marrow cells 
in megaloblastic anaemia of pregnancy. By W. T. Cookz, 
E. V. Cox, R. Gappig, D. M. Marruews and M. J. Meyne.u. The General 
Hospital, Birmingham, and Department of Chemical Pathology, the Royal 
Free Hospital, London, W.C.1 | 


Not all cases of megaloblastic anaemia of pregnancy in temperate regions can 
be satisfactorily explained as deficiency disorders (Thompson & Ungley, 1951). 
In view of this, we have made direct measurements of the concentrations of 
vitamin B,, activity, folic acid activity and ascorbic acid in the bone marrow 
cells of six patients with this anaemia. The methods used were as previously 
described (Cooke, Cox, Gaddie, Matthews & Meynell, 1959). The results are 
given in Table 1, which also summarizes the findings in twelve normal subjects. 
Vitamin B,, activity was abnormally low in five cases (2-6 inclusive). 
Folic acid activity was also low in these five cases, but in only one (case 6) 


5 and 6. In case 1 the concentrations of all three substances were normal. 


TaBLE 1. The concentrations of vitamin B,, activity, folic acid activity (F.A.A.) and ascorbic 
acid in the marrow cells of twelve normal subjects and six cases of megaloblastic anaemia 
of pregnancy 


B, activity F.A.A. Ascorbic acid 
(pg/ml.) (ng/ml.) (mg/100 ml.) 
Normal subjects 
Mean 12,000 347 13-7 
S.E. 1,265 57 0-83 
Range (6,900-19,800) (95-726) (6-5-16-6) 
Megaloblastic anaemia of pregnancy 
_ Case no. 
l 12,600 495 9-1 
2 2,950 130 78 
3 2,700 200 11-2 
4 4,560 160 10-2 
5 2,130 105 
6 5,160 80 3-1 


tion), appears to be associated with the neurone. This fraction is probably | 


was it below the normal range. Ascorbic acid was abnormally low in cases. 
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These results indicate that in certain patients there may be no detectable 
deficiency in the substances measured (though alterations in the components 
of the folic acid complex cannot be excluded). In other patients, deficiencies 
of vitamin By,,, folic acid or allied compounds, and ascorbic acid may occur. 
Different combinations of these deficiencies may account for variations in 
therapeutic response. 
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Hypoxic death in the foetal sheep. By H. G. Britton, D. A. Nrxon and 
G. H. Wricut. Department of FMGUOOOY, St Mary’s Hospital Medical 
School, London, W.2 


Hypoxia has been induced in foetal sheep of ages 120-140 days by the admini- 
_ stration of 5% O, in nitrogen to the mother anaesthetized with sodium 
thiopentone. This procedure differs from that of Dawes, Mott & Shelly (1959), 
_ who produced hypoxia by umbilical occlusion. Foetal and maternal blood 
pressures were recorded and samples of foetal and maternal blood were taken 
for estimation of glucose, fructose, lactate, pH, plasma potassium and 
bicarbonate. After foetal death tissues were removed, frozen in liquid nitrogen 
and analysed for lactate and glycogen. 

When the hypoxia was maintained until foetal death, which took place in 
about 28 min, a rapid continuous rise in the blood lactate (up to about 
150 mg/100 ml.) occurred and a marked acidosis developed. The plasma 
potassium also increased but did not exceed 5-8 m-equiv/I. in any experiment. 
There was usually a small fall in the pCO,. The mean ventricular glycogen at 
death was 0-27 g/100 g moist tissue and the mean ventricular lactate concen- 
tration was 290 mg/100 ml., compared with control values of 1:3 g/ 100 g 
and 100 mg/100 ml. respectively. 

When the blood lactate was experimentally elevated to approximately 
100 mg/100 ml. by the administration of L-lactic acid, acute hypoxia produced 
a similar increase in blood lactate to that observed previously and the survival 
time was approximately the same. 

_ To examine recovery from hypoxia, experiments were carried out on twins 

in which an initial bout of 15 min hypoxia was given followed by a recovery 
' period of 54 hr. One foetus was then removed and the other foetus subjected 
to hypoxia to death. The total survival time (i.e. initial+terminal bout) to 
hypoxia was not increased; nor was there any return of the blood lactate or 
pH to normal during the recovery period. However, the cardiac glycogen of 
the foetus removed before the second hypoxia had been restored to normal. 
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The second hypoxia killed the remaining foetus without gross depletion of 
cardiac glycogen, but there was a sharp rise in the blood lactate. The terminal 
lactate concentrations in the second foetus were about 230 mg/100 ml. in the 
blood and 400 mg/100 ml. in the heart. 

These experiments confirm Dawes et al. (1959) that a gross dlistien of 
cardiac glycogen takes place in acute hypoxia. The experiment in which the 
lactic acid level was artificially raised suggests that the blood lactate is not 
a limiting factor under these conditions. In the recovery experiments, how- 
ever, gross cardiac glycogen depletion did not occur, and foetal death must 
have been due to other factors. The blood and cardiac lactate values in the 
recovery experiments were extremely high and may have been the cause of 
death but the severe acidosis and tie rise in the plasma potassium may have 
also contributed. | 


We wish to thank J. R. Hancock, Miss Carol Comben, Miss Susan Slade and F. W. Diggins 
for valuable technical assistance. 
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Observations on the effect of insulin and pentobarbitone sodium 
on blood flow and heat production in the brain. By J. Grayson 
and D. MenpEL. Department of Physiology, University College, Ibadan 


By the technique of internal calorimetry (Grayson & Kinnear, 1958), blood- 
flow changes and changes in metabolic heat production were recorded from 
brains of West African Green monkeys. Standard heated thermocouples were 
implanted under ether anaesthesia in the pre-central and post-central gyri, 
occipital cortex and thalamus. The animals were maintained on light pento- 
barbitone sodium anaesthesia. Thermal conductivity and temperature were 
automatically recorded by a modified Cambridge 4-channel photographic 
recorder. Thermal conductivity records were used to indicate blood-flow 
change and ‘excess temperature measurements’ (Grayson & Kinnear, 1958) 
as the index of metabolic heat changes. 

The effect of insulin, alone and in combination with glucose, was recorded. 
In all the cortical situations the responses were similar; during the first 
20-40 min following insulin (5 i.u./kg), there was usually little change in 


conductivity increment or excess temperature. In contrast, in the thalamus | 


there was always a substantial (35-140 %) increase in conductivity increment 
and, in most cases, a significant increase in excess temperature. 

During prolonged hypoglycaemia, produced by a second dose of insulin 
_ 1 hr after the first, blood flow in the cerebral cortex continued to show little 
change, but there were substantial decreases in excess temperature, beginning 


an 
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20-40 min after insulin. Subsequent administration of glucose alone or with 
insulin produced rapid recovery, even beyond initial levels (Fig. 1). In all 
but one experiment on the thalamus there was either no change or a secondary 
rise in blood flow and heat production. Glucose or glucose and insulin pro- 
duced a moderate fall in excess temperature. 


Thalamus Sensory cortex 
‘| Insulin Glucose+insulin Insulin Glucose + insulin 


Excess temp. (°C x 10?) 


Time in minutes 


Fig. 1. Blood flow and metabolic responses in the thalamus and sensory cortex during 
prolonged hypoglycaemia, and the effect of glucose and insulin. 


The effect of pentobarbitone sodium also revealed a difference in response 
between cortex and thalamus. Administration of further doses to an animal 
already lightly anaesthetized produced little change in cortical blood flow but 
marked depressions of excess temperature. In the thalamus these changes 
were much less marked. 


This work was aided by grants from the Medical Research Council, Haley-Stewart Trust and 
West African Council for Medical Research. 
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The equivalent plasma volume of the liver. By A. E. Gorrzzs, T. G. 
Ricnarps and G. B. Ritey. Department of Physiology and Histology, 
University of Liverpool 

The disappearance of bromsulphthalein (BSP) from the plasma of the dog 

following a single intravenous injection is described by the equation 


C = Ae*t+ Be-“*#, . 


where C is the plasma concentration at time t, and A, B, k, and k, are constants 
(Richards, Tindall & Young, 1957, 1959). From these constants proportionality 
rates may be calculated (Richards e al. 1959) which are: 

(i) The quantity of dye per unit plasma load which is transferred to the 
liver (a). 

(ii) The quantity of dye per unit liver load which is returned to the plasma (b). 

(iii) The quantity of dye per unit liver load which is transferred to the 
bile (h). 

. There is no evidence that these rates are interdependent nor are they 
dependent on initial plasma load unless this is so large that h x liver load 
exceeds 

The rates have been in anaesthetized dogs 
(pentobarbitone) after a single intravenous dose of BSP (5 mg/kg). 

If conditions were altered so that 4 became zero (so that no dye loss occurred 
to the bile) without alteration of a and b, liver load would increase until 
equilibrium with the plasma was obtained. This plasma equilibrium concentra- 
tion may be calculated from the original equation (Richards et al. 1959) 


Co (k, —4) 
B 
since when h is zero, k, is also zero and 
Co 
ky 


where B! is the equilibrium concentration. The ‘equivalent plasma volume’ 
of the liver (E.P.V.) may now be calculated. 


Total dose — Quantity in plasma at equilibrium 
E.P.V. == Bi 


An experimental comparison of ‘equivalent plasma volume’ was obtained 
in some animals by cannulating the common bile duct in acute experiments 
and calculating the liver load at any plasma concentration. The acute method 
gave good agreement with the calculated values from the intact animal. 

The average value of ‘equivalent plasma volume’ in dogs weighing between 
8-5 and 19-5 kg was 13-9 1., range 8-2-24-6 The average ‘equivalent plasma 
volume’ per kg body weight was 1-05 1., range 0-84-1-37 1. ° 
‘Equivalent plasma volume’ is independent of time and therefore may be 
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presumed to depend only on the area of liver irrigated, and the number of 
available adsorption sites associated with this area. 

Equivalent plasma volume (BSP) is therefore a measure of liver storage 
mass. The term L,,, meaning maximum liver excretory effort, is sometimes 
- called ‘liver mass’. There seems, however, no reason to assume that when the 
maximum excretory effort is reached, all sites of storage are occupied and that 
further uptake is impossible. Indeed, normal storage capacity greatly exceeds 
the liver load necessary to produce maximum excretion. 
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Milk ejection in the unanaesthetized dog. By Mary Picxrorp. Depart- 
ment of Physiology, The University, Edinburgh 


Ina previous oral communication to the Society experiments were described in 
which it was found, in agreement with Kalliala, Karvonen & Leppinen (1952) 
that suckling during water diuresis caused an antidiuresis which could be 
reproduced by the injection of up to 0-5 m-u. vasopressin. In addition, it was 
found that in a 17 kg bitch under thiopentane anaesthesia the intravenous 
injection of 10-15 m-u. oxytocin (synthetic or highly purified extract) permitted 
puppies to make a normal weight gain on suckling. The present experiments 
were made on a 30 kg labrador, and included test feeding the puppies, injecting 
acetylcholine (ACh) and adrenaline either intravenously or into the carotid 
artery, and recording in the conscious animal the volume of milk ejected from 
a single mammary duct. The dog seemed undisturbed by the insertion of a 
fine polythene cannula into a milk duct. Records were made by means of a 
small volume recorder and a light pointer writing on smoked paper. As far 
as possible observations made on any one day were recorded from the same — 
milk duct. Unfortunately this dog refused to feed the puppies in public, so 
that it was not possible to record voluntary milk ejection responses. 

It was found that an injection of 15-20 m-u. oxytocin enabled a puppy to 
make a maximum weight gain on suckling one gland. On a body weight basis 
this dose is similar to that needed by the previous dog. A larger dose of 
oxytocin did not enable the puppies to gain more weight, but after a smaller 
dose they gained less. Up to 1 m-u. vasopressin caused no milk ejection. 
During the second week of lactation the volume of milk ejected bore an 
arithmetic relationship to the dose of oxytocin injected when this was between 
5 and 25 m-u. 

When lyg or 0-5 wg adrenaline was injected intravenously 10 sec before 
injecting 25 m-u. oxytocin no milk was ejected. The response to oxytocin was 
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partially inhibited by the previous injection of 0-25 wg adrenaline. These 
results are similar to those found in rabbits by Cross (1953). 

The injection of 200ug ACh in 1 ml. 0-9% NaCl solution into the carotid 
artery caused a milk ejection which was matched by the intravenous injection 
of 20 m-u. oxytocin. The injection of 1g adrenaline intravenously 10 sec 
before the ACh prevented the response to the latter. ACh given intravenously 
had no effect on milk ejection. So far neither intracarotid nor intravenous 
ACh has caused antidiuresis in this dog. 
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The effect of deoxycorticosterone acetate (DOCA) on salt and 
sucrose taste preference thresholds in rats. By A. HerxHeimer* 
and D. M. Woopsury. Department of Pharmacology, University of Utah 
_ College of Medicine, Salt Lake City, U.S.A. 


In an experiment in man, de Wardener & Herxheimer (1957) aie a 
lowering of the salt taste threshold during a period of high water intake. 

Other observations made in the experiment suggested that sodium was trans- 
ferred from bone and/or cells into the extracellular fluid, and it seemed possible 
that the lowering of the taste threshold might be related to a loss of sodium 
from cells, either in the taste receptors or in the brain. It was therefore of 
interest to examine in an animal the effect on taste thresholds of a procedure 
known to lower the intracellular sodium concentration in the brain. Chronic 
treatment of rats with DOCA is such a procedure (D. M. Woodbury, unpub- 

lished observation). 

In the present experiment salt and sucrose preference thresholds were 
determined in rats before and during treatment with DOCA implanted sub- 
cutaneously. All the rats tested with salt solution showed a fall in the salt pre- 
ference threshold. The control thresholds ranged from 0-005 to 0-05 (mean 0-02) 
g NaCl/100 ml.; during DOCA treatment they ranged from 0-00005 to 0-003 
(mean 9-0006) g/100 ml. Other rats tested with sucrose under similar con- 
ditions showed no consistent change in the sucrose preference threshold 
(range 0-01-0-6; mean 0-08 g/100 ml.). 

Changes occurred not only in the preference thresholds but also in the total 
fluid intake. At and above a certain concentfation of NaCl or sucrose the 
total fluid intake consistently exceeded the intake at lower concentrations. 
This concentration, termed the extra intake threshold, was always higher than 


* Present address: Department of Pharmacology, Medical London, 
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the preference threshold. It behaved after DOCA treatment in the same way 


as the preference threshold. The extra fluid intake was not attributable to 


_ any physiological need. 


This work was done during the tenure by A. H. of a Nuffield Medical Fellowship and was 
supported by grant B-381 from the National Institute of Neurological Diseases and Blindness, 
National Institutes of Health. 
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Repetitive synaptic activation. By D. R. Curtis and J. C. Eccues. 


Department of Phystology, Australian National University, Canberra 


The responses of motoneurones have been recorded intracellularly with single 


micro-electrodes and have been monosynaptically evoked by Group la afferent 


volleys. Under favourable conditions the excitatory post-synaptic potential 
(EPSP) so generated has had virtually no admixture of polysynaptic excita- 


_ tion or of inhibition and has remained steady for the 20 min required for | 


systematic investigation. At frequencies less than 0-3/sec, the size of the 


EPSP, measured either by the maximum rising slope or the height, was 


independent of frequency and was used as a basis for expressing the sizes of 
EPSP’s generated at higher frequencies. Invariably there was a diminution 
at frequencies above 0-3/sec with minima of 70-85% for frequencies in the 


_ tange 4-20/sec. Above these frequencies there was always an increase in the 


EPSP’s, a maximum of 77-111% being attained at about 50/sec (range 
30-80/sec). The diminution at frequencies above 30-80/sec is at least partly 
attributable to superposition upon a background of summed EPSP’s, with the 
consequent approach towards the equilibrium potential for the EPSP (Coombs, 
Eccles & Fatt, 1955). Comparable observations have been made for the effect 


_ of stimulus frequency on the sizes of inhibitory post-synaptic potentials 


(IPSP’s) generated by Group 1a afferent volleys. 

This effect of moderate stimulus frequency in enhancing synaptic efficacy 
would not be detectable when observing reflex responses (Lloyd & Wilson, 
1957), because a prolonged (about 100 msec) depression follows each discharge 
of an impulse from a motoneurone. However, it seems likely that it is related 
to the post-tetanic potentiation that follows brief repetitive stimulation at 
frequencies in excess of 200/sec (Eccles & Rall, 1951). This brief PTP begins 
about 40 msec after the conditioning tetanus and is observed for EPSP’s as 
well as for reflex discharges. | 

Since the size of an EPSP indicates the amount of transmitter released, it is 
suggested that low frequencies of repetitive stimulation quickly cause a partial 
depletion of transmitter and hence a progressive depression of successive 
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EPSP’s until a steady state is reached after the first few impulses. With 
higher frequencies this initial depression is rapidly followed by a steady state 
of larger EPSP’s; it may be postulated that the more severe depletion of 
transmitter initiated a compensatory process whereby transmitter becomes 
more readily available, perhaps by a migration of synaptic vesicles towards the 
presynaptic membrane bounding the synaptic cleft. Correspondingly, after 
a brief high frequency activation of the neuromuscular junction, there is an 
increase in the miniature end-plate potential frequency (Hubbard, unpublished 
observations). Such a process of transmitter mobilization would be of great 
significance in the normal operation of synapses, for it occurs at frequencies 
(20-100/sec) which are in the usual range of receptor organ discharge. 
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Central stimulation of peripheral vasomotor activity in sheep. By 


J. F. Mrrowert. A.R.C. Institute of Animal Physiology, Babraham, — 

Cambridge 
Sympathetic vasodilator nerves have been shown to innervate the muscles 
of the hind limbs of cats and vasodilator responses mediated by these nerves 
have been obtained by stimulation of regions in the diencephalon and mesen- 
cephalon (Eliasson, Folkow, Lindgren & Uvnias, 1951; Abrahams & Hilton, 
1958). Stimulation of the motor cortex in dogs has also been shown to influence 
vasomotor activity (Eliasson, Lindgren & Uvniis, 1952). 

Sheep were anaesthetized with cyclopropane and vasomotor activity was 
studied in the skinned hind limbs, either by a constant volume perfusion 
technique or by measuring venous outflow from the femoral or anterior tibial 
vein. Both methods yielded qualitatively similar results. The depth of 
anaesthesia was controlled by reference to the e.e.g. and blood pressure was 
recorded continuously from the carotid artery. 

The motor cortex surrounding the lateral part of the cruciate sulcus was 
stimulated unilaterally with bipolar electrodes using 2-5-4-0 V rectangular 
pulses of 5 msec duration at 50/sec. This procedure evoked bilateral vaso- 
dilatation in the limbs which was abolished by atropine (0-75 mg/kg 1.v.) but 
not by dibenamine (20 mg/kg 1.v.). The response was abolished by cutting the 
sympathetic chain at the level of L4 and would appear to be mediated through 
the sympathetic system by cholinergic vasodilator fibres. The application of 
procaine hydrochloride (1° w/v) to the surface of the cerebral cortex at the 
point of stimulation or displacement of the stimulating electrodes by 2-3 mm 
reduced or abolished the response. Cutting the spinal cord at L4, a procedure 
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which eliminates the possibility of motor-nerve involvement, while leaving 
the sympathetic supply to the limbs intact, did not affect the evoked 
vasodilatation. 

Further observations suggest that if venous outflow i3 recorded from smaller 
muscle groups: then the area of motor cortex from which responses can be 
evoked is reduced. 

Under similar experimental conditions an area of the orbital cortex has also 
been found from which peripheral vasodilator responses may be evoked. These 
responses resemble those usually obtained in sheep by stimulation of the 
central vagus and are not affected by atropine but are reduced or abolished 
by dibenamine. 
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Sensory input to hypothalamic and mesencephalic regions sub- 
serving the defence reaction. By V. C. Apranams,* 8. M. Hitton 
and J. L. Matcotm. National Institute for Medical Research, Mill Hill, 
London, N.W.7 


The defence reaction, which is a complex behavioural and visceral response, 
can be elicited by electrical stimulation of regions of the hypothalamus, 
central grey, superior colliculi and tegmentum. It commences with an alert- 
ing reaction and with sufficiently strong stimulation culminates in fight or 
flight. The evidence suggests that these regions are concerned with the reflex 
elicitation of the reaction (Abrahams, Hilton & Zbrozyna, 1959). We have now 
shown that these regions have connexions with afferent pathways from the 
skin, the ears and the eyes. These connexions appear not to be localized, but 
to be part of a diffuse system relaying to the hypothalamus as a whole and to 
extensive areas of the mesencephalon. 

In cats anaesthetized with chloralose evoked electrical responses were 
recorded with tungsten micro-electrodes. 
_ Direct electrical stimulation of the skin, or stimelation of the superficial radial 
_ nerve evoked large responses in all regions of the hypothalamus, extending 
from the pre-optic area anteriorly to the mammillary bodies posteriorly. 
Large responses were also evoked in the central grey matter, smaller responses 
in the superior colliculi and tegmentum. The latencies of the responses varied 
between 10 and 40 msec. The response to unilateral nerve stimulation appeared 
bilaterally and was practically identical on both sides. The responses resulted 
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from stimulation of A fibres as was shown by monitoring the action potential 
of the stimulated nerve. This is in agreement with Feldman, Van der Heide & 

Porter (1959), who showed that responses recorded in the hypothalamus of 
cats immobilized with Flaxedil after sciatic nerve stimulation were also due 
to A fibre stimulation. 

The responses to crystal generated clicks appeared less consistently except 
in the tuberal region where the responses were always large. In all other 
regions explored, responses were obtained irregularly only and the size of the 
responses varied greatly. The latencies of the responses were always greater 
than 10 msec. | 

Responses to a light flash were recorded from all explored regions of the 
hypothalamus and the mesencephalon. They were large and uniform in the 
hypothalamus and had a latency of about 50 msec. In the mesencephalon 
they varied greatly, the largest responses being obtained from the superior 
colliculi and the underlying tegmentum. The latency here was about 40 msec. 
These latencies are much longer than those found by Ingvar & Hunter (1955) 
in corresponding experiments on unanaesthetized cats immobilized with curare. 
The demonstration of these afferent connexions adds further support to our 
hypothesis that these regions are concerned with the reflex mediation of the 
defence reaction in the conscious cat. 
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Further evidence relating to the possible existence of poly- 
neuronal innervation of muscles of the hind limb of the cat. 
By M. C. Brown* and P. B. C. Marruews. University Laboratory of 
Physiology, Oxford 


Hunt & Kuffler (1954) suggested that muscle fibres in the adits and flexor 
digitorum longus of the cat are commonly supplied by more than one moto- 
neurone. This conclusion was based on experiments in which they recorded 
the contraction of the muscle on stimulating two ventral root filaments and 
found that the sum of the twitch tensions developed by stimulating each 
filament alone was often considerably greater than the twitch tension produced 
by simultaneous stimulation of the two filaments. In repeating these experi- 
ments we have confirmed the existence of such ‘tension overlap’ for twitches, 


but additional experiments suggest that it is not necessarily due to py 
neuronal innervation. 


* M.R.C. Scholar. 
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With anaesthetized cats, the contraction of soleus, flexor hallucis longus or 
flexor digitorum longus was recorded with an isometric myograph. Any 
tension overlap found was expressed as a percentage of the smaller of the’ 
individual tensions. When the roots were stimulated with single shocks and 
twitch contractions were studied the mean value of the tension deficit was 11 yf 
(s.p.+ 10%, 68 observations, results from the three muscles pooled). But 
when, in the same experiments, the roots were stimulated repetitively and 


tetanic contractions were studied there was on average no tension deficit, . 


though polyneuronal innervation should be displayed equally by this mode of 
stimulation. (There was actually a mean ‘tension excess’ of 0-6%, s.p. +6%.) 
This difference between the two modes of stimulation probably depends upon 
mechanical factors, for the tension overlap of twitches could be greatly 
increased by placing springs between the muscle.and the myograph. 


Another method of testing for polyneuronal innervation is to alter the time 


interval between the stimuli applied to the two ventral root filaments. For if 
the stimuli are slightly separated any muscle fibres innervated by both roots 
will be excited twice and will contract more strongly (double twitch) than if 
the stimuli are simultaneous (single twitch). When the stimulus interval was 
increased by up to 25 msec the contraction did not usually increase at all in 
. size, even though there was a tension deficit for the two stimuli given together. 
Sometimes there was a slight increase in the contraction, though this was 
never over 5%. This need not have depended upon polyneuronal innervation, 
for stimulation of one filament may indirectly lead to activity in some fibres of 
the other filament because of their ephaptic stimulation by the muscle action 
potential (Lloyd, 1942). This would also cause the contraction to increase as 
the stimulus interval increased. | 

Thus the present experiments fail to confirm the widespread existence of 
polyneuronal innervation in the muscles studied. More crucial experiments 
are required to show whether or not it exists at all in these limb muscles. 
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Cardiac vagal efferent activity in the cat. By J. H. Green. Department 


of Physiology, Middlesex Hospital Medical School, London, W.1 


An electroneurographic study of efferent activity in the cardiac vagal branches 
in the thorax of the cat has revealed three main types of activity: 

1. Activity of the sympathetic type, Fig. 1 A, similar to that described by 
Bronk, Ferguson, Margaria & Solandt (1936). This activity is inhibited by 


baroreceptor stimulation. 
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2. Activity of the parasympathetic type, Fig. 1B. This activity is enhanced 
by baroreceptor stimulation. 

3. Activity of the baroreceptor type, Fig. 1C-H. This activity originates 
from the systemic arterial baroreceptor areas. It is known that carotid sinus 
baroreceptor activity can be recorded from the cut central end of the vagus 
in the neck of the cat (Green, 1954; Holmes, 1954), and it seemed likely that 
this activity was due to carotid baroreceptor fibres which were taking an 


Fig. 1. Cat. Sodium pentobarbitone anaesthesia. Chest open. Artificial respiration. Efferent 
activity in cardiac vagal fibres recorded close to the heart. In each record, upper trace: 
electroneurogram, lower trace: e.c.g. and signal marker. A, multifibre preparation showing 
activity of the sympathetic type. Brachio-cephalic trunk clipped immediately before 
commencement of record. At signal carotid sinus and common carotid baroreceptors 
stimulated by removal of clip. Note that activity is reduced for a few beats. B, multifibre 
preparation showing activity of the parasympathetic type. At signal clip removed from 
brachiocephalic trunk. Activity is increased. C, multifibre preparation showing baroreceptor 
activity with components from the aortic arch, common carotid and carotid sinus baro- 
receptor areas. D, same preparation. Ascending aorta clipped for duration of signal. Activity 
disappears. H, same preparation. Carotid artery clipped 1 cm proximal to carotid sinus for 
duration of signal to eliminate carotid sinus component. 


aberrant pathway to the medullary centres by looping round in the vagus. 
These fibres have now been traced to the cardiac plexus and are presumed to 
be going to the heart. They are joined by others from the aortic arch and 
common carotid baroreceptor areas, see Fig. 1 Z. They may provide a pathway 


for the very rapid adjustment of the cardio-vascular system on a beat-to- 
beat basis. | 
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The central effects of atropine and pyridine-2-aldoxime methyl 
methanesulphonate (P2S) in dogs poisoned by intrathecal sarin. 
By R. V. Brown.* Ministry of Supply Chemical Defence Experimental 
Establishment, Porton Down, Wilts. 


Intravenously given atropine sulphate, 0-5 mg/kg, in conjunction with 
pyridine-2-aldoxime methiodide (2-PAM), 5 mg/kg, is effective in raising the 
- LD,» about fiftyfold in experimental sarin poisoning in dogs. Sarin, isopropyl 
_ methylphosphonofiuoridate, is a potent anti-cholinesterase; cholinesterase 
inhibited by this agent is reactivated by 2-PAM or P28. 

Dogs anaesthetized with intravenous pentobarbitone (to stage III, plane ii) 
were given 100g of sarin (9-37 ug +1-97 per kg) into the cisterna cerebello- 
medullaris (C CM) by a needle inserted through the foramen magnum. From 
previous experiments, this amount does not produce serious neuromuscular 
embarrassment by the intravenous route. The injection was followed by severe 
hypertension (a rise in blood pressure of 58 mm Hg+15) and progressive 
_ respiratory failure. Artificial ventilation was required in 8-3 + 5-3 min. 
Twenty minutes after the sarin injection, intravenous atropine sulphate, 
0-5 mg/kg, was fully effective in starting respiration, which remained entirely 
adequate for the 3-hour duration of the experiment. In addition, the atropine . 
injection promptly returned the blood pressure to near the control level. The 
Injection of 100g of P28 into the cistern 10 min later was without clear-cut 
effects, either immediately or during the 3-hour remainder of the experiments. 

When 1 mg of P28 was in) jected into the cistern of an anaesthetized dog 
which had not received sarin, it produced marked respiratory stimulation in 
five out of six dogs, after a variable latent Esl The same dose had little 
effect in sarin-poisoned dogs, 

When anaesthetized dogs were given sarin, 25yg/kg, into the cistern, 
enough escaped to produce an extreme bradycardia, which was not abolished 
by bilateral vagotomy, but yielded to atropine sulphate 0-5 mg/kg, intra- 
venously. P28 was slightly effective in starting respiration, when given into 
the C CM, especially after vagotomy; respiration was maintained in only 
one out of six dogs. Atropine, 0-5 mg/kg, by vein was fully effective in- 
maintaining respiration; where P2S failed to initiate respiration the amopene 
“injection did. 

* Permanent address: U.S. Army Chemical Warfare Laboratories, Army Chemical Center, 
Maryland, U.S.A. 
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The cause of death in sarin poisoning by usual routes is central respiratory 
paralysis accompanied by neuromuscular block. The mechanism of the oxime- 
atropine therapy is the restoration of central respiratory discharge by atropine 
and peripheral mechanical effectiveness by the oxime. 


The sensitivity of foetal and new-born rat muscle to acetylcholine. 
By J. Diamonp and R. MiILEpt1. Departments of Physiology and Bio- 
physics, University College London 


Rat diaphragm muscles were isolated from 19-22 day old foetuses and from 
young animals up to two weeks of age. Individual muscle fibres were examined 
with intracellular micro-electrodes, and acetylcholine (ACh) was applied 
locally by iontophoresis through a micropipette. 

In 19-day foetuses the muscle fibres were sensitive to ACh over their 
whole surface. During further development the sensitivity near the tendons 
decreased. Just after birth most fibres were still sensitive everywhere, some 
however did not respond to ACh applied within 0-2 mm of the tendons. The 
chemo-sensitive properties of the membrane continued to recede from the 
tendon ends towards the middle of the fibre; two weeks after birth the extent 
of the ACh-sensitive region had been reduced to less than 1 mm and in some 
fibres had almost reached the normal adult size and location. 

An unexpected finding was that local spontaneous electrical activity could 
be recorded anywhere along the foetal fibres (total length 3-4 mm); the 
same was true of some fibres 1-2 days after birth. Although spontaneous 
potentials were recorded in the whole fibre they seemed to originate in the 
middle, probably from the region of the ‘neuro-muscular junction’, and 
were societal electrotonically to the rest of the fibre. These spontaneous 
potentials resembled in most respects those which occur at the end-plate in 
adult muscle fibres. The main differences were that the potentials in foetal 
fibres had a larger amplitude, slower time course and iste at a much 
lower frequency. 

Irregular spontaneous twitching occurred in isolated foetal diaphragms. 
It seemed to be caused by an ACh-like substance since curare abolished it. 
Such contractions may still be observed 7 days after birth. 


Some means of abolishing the tension response in smooth muscle 
during continued electrical activity at the cell membrane. 
By J. and Epira Bi.prine. Department of Pharmacology, 
University of Oxford 
The contractile mechanism can be activated in smooth muscle when the ce!! 
membrane is completely depolarized (Evans, Schild & Thesleff, 1958; 
* Riker Fellow. 
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Durbin & Jenkinson, 1959). On the other hand, in the normal tissue, dis- 
sociation of the contractile mechanism from the action potential can be brought 
about by exposure to 2:4-dinitrophenol (Biilbring & Liillmann, 1957), or by 
removal of glucose from the medium (Axelsson, Bueding & Biilbring, 1959). 
In the absence of glucose spontaneous discharge of spike potentials may 
continue for hours without producing a tension response, and this condition 
may offer a means of studying membrane phenomena in normal ionic environ- 
ment without disturbance by movement artifacts. 

In order to obtain more information about the link between the action 
potential and the production of tension, we have studied the effects of 
removing or substituting certain ions on the smooth muscle of the isolated 
taenia coli of the guinea-pig. 

(1) When LiCl was substituted for NaCl the spontaneous discharge of action 
potentials continued, but tension was abolished. This dissociation was in some 
preparations complete in spite of the presence of small amounts of Na as 
bicarbonate and phosphate. The effect was completely reversed by replacing 
NaCl for LiCl. 

(2) When choline Cl was substituted for NaCl, NaHCO, being replaced by 
KHCO,, complete dissociation was observed, which was readily reversible by 
reintroducing NaHCO,. 

(3) When NaCl was replaced by Na,SO, (KCl, CaCl, and MgCl, being present 
in normal concentrations) dissociation was produced, which was reversed by 
reintroducing NaCl. This effect might be explained by the sulphate reducing 
the free Ca*+ ion concentration, since no dissociation was observed when 
NaCl was replaced by Na ethanesulphonate. » 

(4) Withdrawal of CaCl, from the medium caused complete dissociation 
within 10 min. Addition of the normal CaCl, concentration restored the tension 
response within a similar time. — 

These observations indicate that the Ca*+ ion is essential for the activation 
of the contractile mechanism by the action potential. The importance of Ca?+ 
for the development of tension has been shown for the same tissue in the 
depolarized condition by Durbin & Jenkinson (personal communication). The 
assessment of the role of Na+ and Cl- is more difficult, since their withdrawal 
necessitated the introduction of other ions. 
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Leucocytes in the saliva of infants. By D. E. Wricur. Department 
of Physiology, Medical School, King’s College, University of Durham, 
Newcastle upon Tyne, 1 


The leucocytes were counted in 246 saliva samples obtained from 100 infants 


whose ages ranged from 14 days to 24 months. No leucocytes at all were found 
in 205 (83°) of the specimens studied. A significant positive correlation was 
found to exist between the average count in the samples and the age of the 
child. Fifty-six of the children had no erupted teeth and forty-four had 
varying numbers. In the former group, forty-six consistently showed no 
leucocytes to be present and only ten had a positive count; twenty-one of the 


latter group had nil counts and twenty-three positive figures. In nine cases, 


samples were obtained within less than 2 days of the first observance of a 
newly erupted tooth. In no instance was this process found to be associated 
with a rise in leucocyte count. From twenty-five of the children, five samples 
were taken in successive weeks. These cases were considered as a separate 
group and it was noted that 86% of samples showed nil counts. The conclusion 
is therefore that leucocytes are rarely found in the saliva of very small infants 


and their appearance and number is related primarily to age rather than to ~ 


eruption or to numbers of teeth. 


A comparison of the actions of synthetic angiotensin and 
adrenaline on the circulation of the cat. By Gwenpa R. Barer 
Nuffield Institute for Medical Research, University of Oxford 


Synthetic valine-5-octapeptide angiotensin (C.1.B.A.) was found to be at least 
five times as potent as adrenaline in raising the blood pressure of cats under 
chloralose anaesthesia. Blood flow was measured with an electro-magnetic 


flowmeter (Wyatt, 1959). In fourteen cats the right heart output, measured 


in the pulmonary trunk, was usually unaltered by doses of angiotensin 
(0-2-1 g/kg, 1.v.) which caused a large rise in blood pressure. The rise in 
pressure after angiotensin is therefore due to an increase in peripheral 
resistance. Adrenaline, in doses which produced a similar rise in blood pressure, 
caused an increase in cardiac output. Pulmonary arterial pressure was raised 
by large but not by small doses of angiotensin, but when injected directly 
into the left pulmonary artery it increased pulmonary vascular resistance. 
Both angiotensin and adrenaline decreased renal blood flow, sometimes by 
as much as 80%. Blood flow in the superior mesenteric vein or artery was 
greatly reduced by angiotensin, whereas adrenaline caused a decrease followed 
by a large increase, or sometimes an increase only. Since adrenaline causes 
vasoconstriction when injected directly into the mesenteric artery, the in- 
creased flow observed on intravenous injection is attributed to the raised 
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arterial pressure. Femoral blood flow was increased or decreased by intravenous 
injections of angiotensin; on injection directly into the femoral artery there 


“Swas only a decrease. Adrenaline caused a large increase in femoral blood flow 


when given both intravenously and into the femoral artery. On carotid 
arterial flow both angiotensin and adrenaline had mixed effects, but since only 
arterial flow could be measured in this region the results were difficult to 
interpret. This is because the presence of the flowmeter in the artery delays | 
the arrival of drugs to this region until after the blood pressure has risen, and 
this rise in pressure increases the blood flow. Both angiotensin and adrenaline | 
caused intense vasoconstriction when injected directly into the carotid artery. 

Angiotensin is therefore a vasoconstrictor drug in all the regions so far 
studied and is unlikely to act like adrenaline in redistributing blood in favour 
of muscles. However, if the cardiac output is unchanged and blood flow to 
certain regions is greatly diminished (such as the kidneys and the gut) other 
less sensitive regions will receive more blood even though their vessels have 
become constricted. Like many other drugs angiotensin appears to have a 
smaller vasoconstrictor effect on the pulmonary circulation than on the 
systemic circulation. 
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The gasp of the new-born infant in response to lung inflation. 
By K. W. Cross,* M. Kiaus, W. H. and K. Wetsser.t The 
Cardiovascular Research Institute and the Department of Paedvatries, 
University of California, San Francisco, U.S.A. ! 


The work of Cross, Dawes & Mott (1959) suggested that in the immediately 
new-born lamb the cardiac output of the left side of the heart increased 
considerably over that obtaining in the foetal state. In an attempt to investi- 
gate the cardiac output of the new-born infant we decided to try to adapt the 
nitrous oxide method of Lee & Du Bois (1955). The first step with the 
co-operative adult is to ask the subject to take a deep breath, and we report 
here some aspects of the result of lung inflation in the new-born infant, which 


we used as a method of ‘asking the infant to take a deep breath’. 


Thirty full-term infants were examined on we Ae occasions with 
323 lung inflations. The majority of the inflations (84%) were applied by 
positive pressure given through a face mask, and the remainder were induced 
by body decompression. The babies’ volume of breathing was measured by 
recording pressure changes in a baby plethysmograph of the type described 


* Present address: Physiology Department, St Mary’s Hospital Medical School, London, W. 2. 
+ Present address: Bader Kinderspital, Rémergasse 8, Basel, Switzerland. 
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by Cross (1949). Oesophageal pressure changes were measured through a 
saline-filled oesophageal tube. These two pressures and the mask pressure 
were measured with Statham Strain gauges and recorded with a Grass 
Recorder. The pressures applied varied between 1-4 and 25-4 cm H,0. 

It was common for the baby to respond to inflation by a gasp, which might 
or might not be followed by a period of apnoea. It is thought that it is unlikely 
that these gasps were the consequence of ‘violent inflation’ stimulating “some 
sensory nerve in the body wall’ as described by Head (1889) for we have seen 
the gasp in response to pressures as low as 2-2 cm of water, and also when the 
pressure change has been applied deliberately slowly, and not as a square 
wave. It seems more likely that this gasp is an example of Head’s Paradoxical 
Reflex (an inspiratory response to lung inflation), which appears not to have 
been described in the adult human subject, and is induced in animals only 
under special conditions. The gasp occurred most readily in the youngest 
babies, and there is a significant (P< 0-01) difference in its incidence between 
babies under 24 hr of age and babies from 48 to 124 hr of age. It is interesting 
to speculate whether this reflex plays any part in the initiation of the first 
breath. When the lungs are unexpanded, at birth, a mechanism which causes 
change rather than limiting it (as most visceral reflexes do) would be most 
advantageous. 
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An apparent bronchoconstrictor action of bradykinin and its 
suppression by some anti-inflammatory agents. By H. 0. J. 
Cotuier, J. A. M. Scuacuter and Parricia G. SHORLEY. 
Department of Pharmacological Research, Parke, Davis and Co., Lid, 
Hounslow, Middlesex, and Department of Physiology, University College 
London 


Bradykinin, derived from bovine globulin by the action of trypsin, was 
administered intravenously (I.v.) to guinea-pigs anaesthetized with urethane 
and prepared for recording changes in degree of inflation of the lungs during 
intermittent ventilation at constant positive pressure (Konzett & Réssler, 
1940). Bradykinin increased the resistance of the lungs to inflation, which is 
regarded as indicating bronchoconstriction (Konzett, 1956). Cutting the vagi 
did not abolish this response, which could also be elicited from the isolated 
perfused lung. The results described below were obtained from whole animal 
preparations with vagi intact. 


From records of resistance to pulmonary inflation, we derived dose-response 
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curves of histamine and of partially purified samples of bradykinin containing 
200 and 900 units/mg. The potencies of the bradykinin samples corresponded 
with their potencies on guinea-pig ileum. Since 5 units bradykinin and 
0-5-2-0ug histamine usually produced a comparable response, and since 
Andrade & Rocha e Silva (1956) have estimated that 1 unit of pure bradykinin 
weighs 0-2 ug, pure bradykinin would probably be about as potent as histamine 
weight for weight. Partially purified wasp kinin (Holdstock, Mathias & 
Schachter, 1957) closely resembled bradykinin in action and was about half 
as potent as histamine on a weight basis. Pure wasp kinin therefore should 
be more potent than histamine. 

Incubation of bradykinin with guinea-pig serum or with chymotrypsin, but 
not with trypsin, abolished its action on the lungs. pi-cysteine partially 
prevented this inactivation by serum. These observations are in keeping with 
the effects of bradykinin on the guinea-pig ileum. 

The effect of bradykinin was not due to release of histamine, 5-hydroxy- 


tryptamine (5-HT) or acetylcholine, since it was not reduced by doses of mepyr- ~ 


amine, lysergic acid diethylamide or atropine which suppressed responses to 
the agents they antagonize. Acetylsalicylic acid (50 mg/kg intraperitoneally or 
2mg/kg1.v.) and aminopyrine (15 mg/kg1.v.) suppressed the bronchoconstrictor 
action of bradykinin without materially reducing responses to histamine or 
HT. Sodium phenylbutazone had comparable effects. After any of these 
anti-inflammatory agents, a response could again be elicited by increasing 
the dose of bradykinin. Isoprenaline and adrenaline suppressed responses 
to both histamine and bradykinin, but cortisone (three daily doses, each 
2 mg/kg subcutaneously) did not influence the responses to either. 


We wish to thank Mr W. A. Jones and Dr I. M. Lockhart for the bradykinin and Dr B. T. 
Warner for statistical advice. 
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Theisolation from blood platelets of particles containing 5-hydroxy- 
tryptamine and adenosine triphosphate. By Rurn V. Baker, 
_ H. Biascuxo and G. V.R. Born. The Department of Pharmacology and the 

| Nuffield Institute for Medical Research, University of Oxford 
- Blood platelets are rich in both 5-hydroxytryptamine (5-HT) and adenosine 
triphosphate (ATP); there is evidence in support of the suggestion that the 
5-HT is bound to the ATP (Born, 1956; Born & Gillson, 1959; Born, Ingram 
& Stacey, 1958). 
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We have now found that it is possible to isolate from human blood platelets 
a fraction which contains most of their 5-HT and ATP. This fraction was 
obtained by disintegrating plateletsin a glass homogenizer and by centrifuging 
the hor ogenate so obtained over a sucrose density gradient. Intact platelets, 
centrifuged over a density gradient, had a density equivalent to about 
1-6 m sucrose. When the platelet homogenate was centrifuged, there appeared 
a fraction which was denser than 2-0 m sucrose and which contained most of 
the 5-HT and ATP. 

These observations support the conclusion that most of the 5-HT in platelets 
is concentrated in cytoplasmic granules in which it is associated with ATP. 


REFERENCES 


Born, G. V. R. (1956). Biochem. J. 62, 33P. 
Born, G. V. R. & Gillson, R. E. (1959). J. Physiol. 146, 472-491. 
Born, G. V. R., Ingram, G. I. C. & Stacey, R. 8. (1958). Brit. J. Pharmacol. 18, 62-64. 


The effects of hexamethonium on the oxygen consumption and 

body temperature of new-born kittens. By R. HE. Moore and 

. Mary C, UnpErRwoop. Department of Physiology, Royal Free Hospital 
School of Medicine, London, W.C.1 . 


Autonomic ganglion blockade might well be expected to introduce an altered 
state of thermal equilibrium especially during the unstable neonatal period. 
‘It was suspected from previous observations (Moore, 1959) that hexa- 
methonium had caused a depression of oxygen consumption in a litter of 
8-day-old kittens. This effect has now been studied in greater detail by using 
similar methods in kittens aged from 18 hr to 33 days, 

The animals were enclosed individually in closed-circuit metabolism 
chambers (Richards & Collison, 1928) in a water-bath at 30-0° C for periods 
of 3-6hr. Continuous records of oxygen consumption were made and 
temperatures were taken frequently from thermocouples in the rectum (RT) 
and on the skin of the back (ST), the fur being clipped short locally. 

Hexamethonium iodide, 10 mg/kg body weight (5 mg base/1 ml. 0-9 NaCl) 
was injected subcutaneously after a preliminary period of 100-120 min, 
the animals being rapidly removed from the metabolism chambers for the 
purpose and. replaced. Control animals were given, instead, 2-0 ml. 09% 
Na(Cl/kg. 

For comparative purposes the total oxygen consumption in the first recorded 
60 min after injection was expressed as a percentage of the total oxygen con- 
sumption in the last 60 min before injection. Oxygen consumption was also 
plotted as a 5 min histogram against time. 

In twenty-five experiments the oxygen consumption fell to between 50° 
and 90% of preliminary values in the hour after injection of hexamethonium, 
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the effect diminishing with age. In twelve controls the mean oxygen consump- 
tion after saline injection was 102% (range 87-119) of preliminary values. 
Oxygen consumption and RT fell rapidly at first after hexamethonium, 
then more slowly, the decline in RT in all cases following the fall in oxygen 
consumption. The pattern of the response changed with age in that the older 


| kittens showed evidence of recovery within 2-hr, but the younger did not. 


_ Oxygen consumption was the first to return towards normal, this often 
happening whilst the RT was still falling. The ST moved in general with RT 
and only rarely was there any suggestion of vasodilatation in the lumbar skin 
as a result of hexamethonium. 

As in all cases the change in temperature followed the change in oxygen 
consumption, it seems unlikely that the drop in oxygen consumption can be 
accounted for primarily by the fall in body temperature. 
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The immediate respiratory effects of acid-base changes in human 
subjects. By D. J. C. CUNNINGHAM, F. F. Kao,* 8S. Lanter, B. B. 
Luoyp and D. G. Saaw.t University Laboratory of Physiology, Oxford 


Previous studies of dietary acidosis extending over a period of days have 
shown that increases in H+ and pCO, in the blood supplement each other in 
their effects on pulmonary ventilation. In the present series of five experiments 
the immediate effects of ingested NH,Cl (largest dose 15 g) and NaHCO, 
(largest dose 40 g) have been examined in three normal males. CO, was added 
to the inspired air to raise V to about 201./min. After NH,Cl ingestion the 
inspired CO, was gradually lowered and after NaHCO, raised to keep V at 
this level. End-tidal air was continuously sampled for estimation of pCO, and, 
occasionally, pO, (this was nearly constant at about 130 torr throughout these 
experiments), and repeated arterial or ‘arterialized venous’ blood samples were 
drawn through an indwelling catheter for estimation of pH and, frequently, 
oxygen saturation. The greatest rate of change of pH was about 0-15/hr, the 
corresponding change of alveolar pCO, being about 5 torr/hr. The maximum 
range of pH in any one experiment was 0-17. After the experiment, where 
V differed from the selected ‘constant’ level appropriate small adjustments 
were applied to the measured pCO, and pH, by use of the subject’s determined 
V-pco, relation. 

Various pairs of the variables H+, OH-, pH, HCO,- and pCO, have been 
plotted out, and the greatest linearity nad least scatter are seen when Ht, 


* In receipt of a grant from Astra Pharmaceutical Products Incorporated, Worcester, Mass. 
t M.R.C. Scholar. 
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OH- or pH is plotted against HCO,-, obtained by calculation from the directly 
measured pH and pCO,. Thus when ventilation is kept constant during 
absorption of NH,Cl or NaHCO, by appropriate alteration in inspired, and 
hence alveolar, pCO,, HCO,- is closely related to some simple function of H+. 

There is no evidence of delay in the response to these changes in H+, and 
the data appear to be consistent with those of Cunningham, Lahiri, Lloyd & 
Shaw (1959) on the longer-term effects of dietary acidosis. 


REFERENCE 
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The action of enterogastrone on gastric secretion. By R. A. Gregory 
and Hinpa J. Tracy. Physiological Laboratory, University of Liverpool 


The belief that fat in the duodenum liberates a hormone (enterogastrone) 
which inhibits gastric secretion originated in the observations that in dogs 
provided with denervated or transplanted fundic pouches the secretory 
response to a meal is inhibited by prior feeding of olive oil (Feng, Hou & Lim, 
1929), and that crude extracts of duodenal mucosa inhibit gastric secretion 
stimulated by a meal (Kosaka & Lim, 1930; Kosaka, Lim, Ling & Liu, 1932). 
Subsequent attempts to isolate the hormone (Gray, Bradley & Ivy, 1937; 
Obrink, 1950) have been based on the use of histamine as the stimulus against 
which extracts are tested; but fat in the duodenum has only a feeble inhibitory 
action against gastric acid secretion stimulated by histamine, if nervous reflex 
inhibition is avoided by the use of vagally-denervated or transplanted fundic 
pouches (Kosaka et al. 1932; Gray et al. 1937; Gregory, 1956). Furthermore, 
even the small degree of inhibition demonstrable in such circumstances is not 
attributable with certainty to the action of enterogastrone; for (1) nausea will 
inhibit gastric acid secretion stimulated by histamine even in transplanted 
fundic pouches, the mechanism being unknown (Grossman, Woolley, Dutton 
& Ivy, 1945), and the pyloric antrum may cause gastric secretory inhibition 
of indeterminate nature (Harrison, Lakey & Hyde, 1956; Jordan & Sand, 1957). 
A study was made of the effect of fat in the duodenum on gastric secretion 
stimulated by histamine at a relatively slow (and therefore easily inhibited) 
rate, in dogs provided with completely denervated fundic pouches and with 
the pyloric antrum removed. No significant inhibition of acid output was 
demonstrable except in a few experiments where nausea or vomiting occurred ; 
and even in these the inhibition observed was of small extent. In the same 
dogs tone and motility of the pouches was strongly inhibited by fat in the _ 
duodenum; and such an effect is generally accepted as due to the liberation — 
of enterogastrone (Quigley, Zettleman & Ivy, 1934). It is concluded that 
enterogastrone does not inhibit gastric acid secretion stimulated by histamine. 
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In further experiments on dogs provided with denervated fundic pouches, 
vagally-denervated antral pouches, and gastric or duodenal cannulae, the 
antral hormone was liberated continuously by irrigation of the antral pouch 
with meat extract or acetylcholine solution. Fat in the duodenum decisively 
inhibited the acid output of the fundic pouch. It is concluded that the action 
of enterogastrone is to inhibit stimulation of gastric acid secretion by the 
antral mechanism, either by inhibiting the release of gastrin or by blocking 
its action on the oxyntic cell. Until purified preparations of gastrin become 
available, it does not seem possible to distinguish between these alternatives. 

None of the ‘enterogastrone’ extracts so far described can be said to repre- 
sent a preparation of the hormone, since their power to inhibit a histamine 
stimulus does not appear to be a property of the hormone, and their effect 
upon the antral mechanism of stimulation has not yet been ascertained. 
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_ The effect of morphine on stimulation of post-ganglionic sympa- 
thetic nerves. By H. W. Kosreruirz and D. W. Taytor. Physiology 
Department, University of Aberdeen 

Morphine inhibits the effect of vagal stimulation on the heart rate of the rabbit 

and, to a less extent, of the cat (Kosterlitz & Taylor, 1959). It has now been 


shown that morphine does not affect the increase in rate of the acutely 


denervated cat heart which follows post-ganglionic sympathetic stimulation. 
On the other hand, it reduces the contraction of the nictitating membrane 
due to post-ganglionic sympathetic stimulation, a phenomenon which has 
already been described by Trendelenburg (1957). : | 

When stimulus frequency—response curves were constructed, the effects 
of morphine on the contractions of the nictitating membrane due to post- 
ganglionic sympathetic stimulation and on the slowing of the rabbit heart due to 
vagal stimulation were similar in that, for supramaximal stimuli, the responses 


were much more depressed at low than at high stimulus frequencies. This is in 


contrast to what is found when atropine is used to inhibit the action of the 
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vagus on the heart or dibenyline (phenoxybenzamine) to inhibit the action of 
the sympathetic on the nictitating membrane. 
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The grasp reflex of the cat. By G. RusHworts. Laboratory 


Physiology, Oxford 


A grasp reflex follows lesions of the opposite frontal lobe in man and in 


monkeys and is the motor response to a distally moving stimulus from palm to 


fingers (Seyffarth & Denny-Brown, 1948). There are two components to the 
adequate stimulus, first cutaneous, which conditions both alpha and gamma 
motoneurones of the finger flexors so that when the stimulus stretches these 
muscles (proprioceptive stimulus) final closing of the fingers occurs (Rushworth 
& Denny-Brown, 1959). 

In the cat a grasp reflex may be elicited in the homolateral forepaw following 
high cervical hemisection of the cord (Denny-Brown, Twitchell & Saenz- 
Orroyo, 1949), and this has now been confirmed here in nineteen cats. 
Hemisection of the cord has been performed just below the left C2 roots under 
pentobarbitone anaesthesia. The day after operation the cat shows a left 
Horner’s syndrome, a spastic left hind limb and a flaccid left forelimb with 
disordered head-on-body righting reflexes. About 5 days after operation an 


unsheathing of the claws of the left forepaw results from heavy moving © 


pressure around the palmar pad. Shortly afterwards a complete grasp reflex 
is seen in response to such stimulation, this consisting of unsheathing of the 
claws and final closure on to the stimulus. At first the motor response is 
clonic (at a rate of 20-26/sec) but about 2 weeks after operation it becomes 
tonic. Although placing reactions are absent the animal is beginning to walk 
again at this time. Pin-prick to the palmar pad produces a little flick un- 
sheathing of the claws (as it does in the decerebrate cat), and there is also an 
easily elicitable scratch reflex from stimulation of the left ear and employing 
only the left foot—a reflex difficult to obtain on the right. 

_ The grasp reflex is abolished by section of the ulnar and median nerves at 
the wrist and also by procainization of the palm. __ 

As the grasp reflex of the cat is released by a homolateral hemisection of 

_ the spinal cord it may be concluded that it is most probably a spinal reflex. 
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Scotopic visual acuity and the absolute light threshold. By P. E. 
Hauiett. University Laboratory of Physiology, Ozford 


The variation of the intensity threshold with area has been determined for 
various visual functions in the periphery of the author’s dark-adapted eye, 
by the technique of fixation and brief (2-6 msec) flash. 

The complete scotopic visual acuity curve for the detection of a black disk 
against a large surround lit briefly by a flash shows two very distinct limbs. 
The first, the lower acuity mechanism, for part of its course has the same area— 
intensity relationship as the absolute threshold for the perception of flashed 
circular fields, and the maximum acuity of this mechanism is approximately 
equivalent to the complete summation area for flashed fields, so far as this 
latter function can’ be accurately estimated. The second, the higher acuity 
mechanism, appears when the first mechanism is saturated and ends at the 
final, maximal acuity plateau (Mandelbaum & Sloan, 1947). This mechanism 
is displaced to much higher intensities than the absolute threshold intensities 
_ of the corresponding size of fields. Complex subjective effects are found over 
the intensity range occupied by the second mechanism, which appears to be 
less sensitive to weak light adaptation than the first acuity mechanism. 

These results suggest the possibility that low acuities and the absolute light. 
threshold may be due to the same mechanism, e.g. recruitment of large, 
independent visual units (Pirenne, 1945, 1948; Pirenne & Marriott, 1959). 
High scotopic acuities are probably due to a different mechanism. 


This investigation was supported in part by a research grant B-1810 from the National 
Institute of Neurological Diseases and Blindness, United States Public Health Service. The 
apparatus was built with the help of a grant from the Nuffield Foundation. 
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Muscle blood flow during emotional stress. By D. A. Buarr*, K. 
GoLENHOFEN and W. Department of Physiology, of 
Marburg, Germany 


The mechanism of the increase in forearm blood flow during amokional stress 
has recently been investigated by Blair, Glover, Greenfield & Roddie (1959). 
Using venous occlusion plethysmography they concluded that the response 
depended largely on the integrity of cholinergic sympathetic nerves. Evidence 


* Present address: Department of Physiology, the Queen’s University of Belfast. 
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from changes in the oxygen saturation of venous blood during stress suggested 
that the blood flow was increased in the muscle, but not in the skin. In the 
present experiments the mechanism of the response has been investigated 
by an independent technique, muscle blood flow being measured by the 
heated thermocouple probe of Hensel & Ruef (1954), and skin blood flow by 
the heated thermocouple device of Bender & Hensel (1956). 

In nineteen experiments the muscle blood flow was measured in the extensor 
muscles of both forearms. In five of these blood flow was also measured in 
forearm skin, and in two in hand skin. The subjects lay recumbent on a couch 
in a laboratory maintained at a temperature of 22-23° C. The emotional stress 
used was mental arithmetic and the subjects were urged and cajoled to answer 
as quickly as possible. The forearm muscle blood flow increased up to 500% 
of the resting level during emotional stress, and the skin blood flow decreased ; 
these results are in agreement with those of Golenhofen & Hildebrandt (1957). 

The increase in blood flow was not due to an increase in the tone of the 
muscle during stress, for the blood-flow changes were unaltered when the 
forearm muscles were paralysed by the intra-arterial injection of Succinyl 
(Bis-choline-succinate-dichloride-dihydrate; Asta Werke, Backwede, W. Ger- _ 
many) 1 in a dose of 0-4—0-8 mg/min for up to 15 min. : 

In six experiments the radial nerve to one forearm was blocked with 10 ml. 
of procaine 2%, without adrenaline. During stress, the increase in blood flow in 
the denervated extensor muscles was reduced or abolished, but it became 
normal again when the anaesthetic wore off. The adrenergic blocking agent 
regitine (phentolamine) in a dose 0-4 mg/min infused into the brachial artery 
for up to 19 min did not affect the increase in forearm muscle blood flow with 
stress. Atropinization of one forearm in six experiments with a dose of 
0-3-1-5 mg/min of atropine infused into the brachial artery gave equivocal 


_ results; in one experiment the increase in muscle blood flow was greater than 


before, in one it was decreased, and in four unchanged. 

These observations confirm that during emotional stress the blood flow is | 
increased through the muscles of the forearm, and that the increase is at least 
partly mediated by nerves. There were insufficient observations to decide 
whether adrenergic or cholinergic nerves were responsible. 
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A method for the continuous measurement of 24 hr oxygen con- 
sumption and CO, production. By 8S. B. Furnass*. The Medical 
Unit, Middlesex Hospital, London, W. 1 


The subject’s head and neck are enclosed in a transparent helmet of polyvinyl 


chloride sheeting 0-01 in. (0-25 mm) thick in the shape of a 14 in. (35-5 cm) 


cube open at the bottom. A Perspex roof carries attachments for elephant 
tubing and enables the helmet to be suspended above the seated subject. 
A sorbo-rubber collar is joined to the lower rim of the cube by soft P.V.C. 
material +;4;5 in. thick. During sleep the helmet lies horizontally on the 
subject’s pillows and during the day liquid formula diets may be fed through 
a tube sealed into the front panel of the helmet. 

In accordance with the principle of Scholander & Jensen (1958) air is 
drawn through the helmet by means of a household vacuum cleaner. Voltage 
adjustment by a Variac transformer provides the coarse regulation of flow, fine 
adjustment being made by a pneumatic resistance just proximal to the inlet of 
the vacuum pump. A rotameter is incorporated into the circuit for monitor- 
ing purposes. Rates of flow between 14 and 18 |./min are comfortable for the 
subject, giving CO, concentrations in the helmet between 1-2 and 1-8%. The 
circuit is as follows: Outside air—helmet—air-tight box containing the flow- 
meter of an integrating motor pneumotachograph (Wolff, 1958)—dry gas 
meter with thermometer—drying bottle—rotameter—vacuum cleaner. 

Sampling of diluted expired air is integrated with flow, approximately 
0-006 by volume being diverted from the flowmeter box via butyl rubber 
tubing to 400 ml. capacity butyl rubber bags. In order to minimize diffusion 
of CO, the bags are enclosed in a Perspex container through which is blown 
thie effluent from the vacuum pump. Flow volume is recorded by the gas meter 
and gas samples are analysed on Lloyd’s development of Haldane’s gas 
analysis apparatus (Lloyd, 1958). | 

The method has been tested as follows: 

(1) By comparison with the Douglas Bag method (Douglas, 1911). A nose- 
clip, mouthpiece and box valve are worn inside the helmet, expired air being 


* At present receiving a grant from the Medical Research Council. 
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alternately switched between helmet and bag by means of a two-way tap. 
No significant difference in basal Vo, and Voo, measurements by the two 
methods was detected in trained subjects. | 

(2) Varying the rate of flow through the helmet between 10 and 22 1. /min. 
produced no significant change in basal Vo, and Voo, measurements. 

(3) When CO, was introduced into the helmet from a gas cylinder via a 
calibrated rotameter, estimated input and output of CO, agreed to within 

te helmet is comfortable to wear, over 24 hr periods. If desired the circuit 
may be adapted to include a mercury sampling device and also soda-lime 
canisters for a gravimetric check of CO, production. 
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Further evidence on the local response of human skin vessels | 
to direct heating. By G. W. Crocxrorp, R. F. Hetiton and 
J. Parxnouse. M.R.C. Climate and Working Efficiency Umit, Depart- 
— ment of Human’ Anatomy, and the Nuffield Department of Anaesthetics, 
University of Oxford 
Irradiation of the forearm with infra-red rays causes a vasodilatation in 1-2 min 
which does not spread to other regions of the body. If only the proximal 
half of the forearm is heated, dilatation occurs there and also concurrently 
in the distal half. There is presumptive evidence that this spread of the 
vasodilatation beyond the heated. region is due to a neural mechanism 
(Crockford & Hellon, 1959). 

Blocking the cutaneous nerves at the elbow above the heated region did 
not. prevent the spread of the dilatation from the proximal to the distal parts 
of the forearm. Cutaneous nerve blocks between the heated and unheated 
regions caused the dilatation to be confined to the irradiated area. This 
suggests that the mechanism responsible is a local neural one and does not 
depend on a connexion with the c.n.s. 


Observations on sympathectomized patients indicate that cervical sym- 
pathectomy does not affect the response. 
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A new averaging technique for improving the signal-to-noise 
ratio of evoked potentials. By A. J. Butter and P. R. Srvyzzs. 
St Thomas’s Hospital, London, S.E. 1 


The principle of averaging the recorded potential values occurring at identical 
instances following each of a series of applied stimuli in order to improve 
_ signal-to-noise ratio was introduced by Dawson (1951, 1954). He devised an 
_ electromechanical system to charge a series of condensers in the desired 
manner. However, as Dawson (1954) pointed out, a serious limitation of his 
method of averaging was the inflexibility, due to the mechanical components, 
of the time scale available. 

The use of a purely electronic system fuiniiising on similar principles to 
those suggested by Dawson increases the flexibility of the method, and is now 
possible because of the availability of storage tubes. 

The E.M.I. Barrier grid storage tube is an electronic storage tube containing 
a dielectric sheet which is backed by a conducting plate and faced by a barrier 
grid. 

_ The scanning beam passes through the barrier grid and deposits charge on 
the storage surface of the dielectric sheet. 

The charge deposited at any point depends on the time integral of the 
scanning beam current, up to an equilibrium charge determined by the 
'. potential difference between the barrier grid and the backing plate. 

The signal is read off by scanning the storage surface with a high beam 
current, and measuring the current flowing into the backing plate; this 
_ operation also erases the store. 3 

The resolution of the tube is approximately 150 elements and the maximum 
storage time approximately 60 min. 

Deflexion and focus of the scanning beam are electrostatic. 

By this device the signal-to-noise ratio may be improved as by Dawson’s 
method but with a greatly improved time discrimination. 
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Elicitation of scratching movements by topical application of 
drugs to the upper cervical spinal cord. By W. FeLpserre and 
K. Freiscunaver.* National Institute for Medical Research, Mill Hull, 


- London, N.W. 7 
There is a restricted region of the upper cervical spinal cord, at the level of 
C1, from which it is possible to elicit regularly in cats, anaesthetized with 


* British Council Scholar. 
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pentobarbitone sodium, scratching movements of the hind limbs. by topical 
application to the dorsal surface of either 0-2% bromophenol blue or of 0-1, 
tubocurarine. The scratching movements are also obtained after decerebration 
at intercollicular level. They cannot be elicited, however, in cats anaesthetized 
with chloralose, as was recently shown in experiments carried out together 
with Cairnie and Malcolm. 

’ The scratching movements occur in bursts. When the substances are applied 
with a cotton wick to one side of the cord the movements occur in the hind 
limb of that side only. When applied with a cotton swab to both sides activity 
occurs in both hind limbs but not simultaneously. Bursts of scratching move- 
ments alternate from one hind leg to the other. The activity in the one may 
be immediately followed by that in the other, or there may be periods of rest 
in both hind limbs between the alternating bursts of scratching movements. 

The scratching movements are associated with the typical postural attitude 
taken up by a cat when scratching itself behind the ear. The vertebral column 
is bent with its concavity directed towards the scratching limb, the head is 
turned to the same side and then rotated so that the claws of the scratching 
foot touch the skin behind the ear. There is in addition extension and adduction | 
of the ipsilateral foreleg and twitching of the ipsilateral ear. 

Myographic recordings from the anterior tibialis muscle show that a eat 
of scratching movements usually begins with a sustained contraction built 
up stepwise. The strong contraction then suddenly gives way, relaxation 
becomes either complete or partial, and the muscle is thrown into vigorous 
rhythmic activity. The duration of a burst as well as the strength and frequency 
of its rhythmic contractions varies in aiarens experiments and also in the 
course of the same experiment. 


Fabricated light-alloy animal operating table. By M. H. Evans, 


A. McPuerson and 8. J. Srerrerrt. National Institute for Medical 
Research, Mill Hill, London, N.W.7 | 


Inhibition of histamine formation and some of its consequences. 


By G. Kanison and Exsa Rosencren. Institute of Physiology, University 
of Lund, Sweden 


Feeding a pyridoxine-deficient, histamine-free diet for 1-2 weeks will reduce 
the rate of the over-all histamine formation to about half of normal in female 
rats. On this diet the enzyme inhibitor semicarbazide in doses not apparently 
toxic (75 mg/kg twice daily) produces a further reduction in the formation of 
histamine down to about 20% of normal. The rate uf histamine formation 
was measured by two different methods: (1) estimation of the urinary excre- 
tion of free histamine; (2) determination of the amount of “C-histamine 
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excreted after injection of “C-histidine. Maximum depression of formation 
ensues within 2 days of treatment with semicarbazide and persists during the 
course of injections. 

From rats in which the histamine formation was inhibited various tissues 
_ were excised, their histamine content being determined and compared with 
corresponding figures from a group of normal rats. In the skin, the tongue and 
the lung, even at maximum depression of formation, there was no obvious 
difference in the amount of extractable histamine between the two groups. 
In the gastric mucosa, by contrast, the content was found reduced to a 
few per cent of normal. 

We have reported that the foetus, in the rat and in man, displays a high 
histamine forming capacity (for references see Kahlson, Rosengren & White, © 
1959). Further, we have suggested that the formation of histamine may in 
some. way be related to the general process of growth (Kahlson & Rosengren, 
in Press). This idea has been tested by inhibiting the histamine formation in 
pregnant rats. In one group of rats fed on the pyridoxine-deficient diet, 
semicarbazide was given for 8 days from the 7th day of pregnancy onwards, 
that is from about the day of implantation of the ovum. At examination on 
the 19th day, 3-4 days before term, there were only tiny remnants of foetuses 
in the form of plaques of disintegrated material, whilst the placentas were 
small and appeared in a state of regression. In another group fed on the 
pyridoxine-deficient diet, semicarbazide was given for 7 days from the 15th 
day of pregnancy. On kiling the animals at the 22nd day the findings were 
principally the same as in the other group. The foetuses were dead and 
mummified and their growth appeared to have been arrested at about the 
17th day, that is the day when enzyme inhibition became maximal. In 
controls fed for the same period of time on the pyridoxine-deficient diet or 
simply injected with semicarbazide no abnormalities in the course of pregnancy 
and foetal development were noted. . 


REFERENCE 
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Sympathetic secretory fibres for the cat’s submaxillary gland. 
By N. Emme.in and J. Enastrém. Institute of Physiology, University of 
Lund, Sweden 


Stimulation of the sympathetic trunk in the neck causes a flow of saliva from the 

submaxillary gland of the cat. In histological investigations Kuntz & Richins 

(1946) found the sympathetic fibres to be distributed predominantly to the 

blood vessels of the gland, and in a later paper these authors concluded that 
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the secretion obtained on sympathetic stimulation is secondary to the activa- 
tion of vasomotor fibres, the chemical mediator diffusing from the endings of — 
such fibres to the gland cells (Richins & Kuntz, 1953). 

In cats under chloralose-urethane anaesthesia the sympathetic fibres were — 
excited reflexly by bleeding. The submaxillary duct was cannulated. The 
gland was perfused with arterial blood from a second cat in the following way. 
The common carotid artery was exposed and all branches except that of the 
gland were tied; care was taken to preserve the sympathetic fibres running 
along the arteries to the gland. Blood flowed into the peripheral end of the 
carotid artery from the central end of a carotid of the donor through a polythene 
tube. The venous blood flowing from the gland was drained off through a 
cannula in the external jugular vein; all other tributaries had been ligated. 
This blood passed a phototube, operating an ordinate recorder, and was 
returned to the donor through a cannula in a femoral vein. Both animals were 
heparinized. Because of the separate perfusion, the fall in blood pressure due 
tothe bleeding did not interfere mechanically with the blood supply of the'gland; 
nor was the gland exposed to the action of catechol amines released from the 
adrenals during the bleeding. 

When blood was withdrawn from a femoral artery, a pronounced vaso- 
constriction occurred in the gland. No saliva appeared in the salivary cannula. 
When the blood was re-injected the flow of blood through the gland increased _ 
again. The vasoconstriction on bleeding was not obtained when the cervical 
sympathetic had been cut. When this had been shown, the peripheral stump of 
the nerve was excited electrically by using different frequencies of stimulation. 
Secretion of saliva was invariably found to occur when a rate of stimulation 
was chosen which caused a vasoconstriction comparable to that obtained 
during bleeding. The experiments indicate that the _— is supplied with 

specific secretory sympathetic fibres. 
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Tonic and phasic responses in the anterior byssus retractor 
muscle (ABRM) of Mytilus. By J. Lowy and B. M. Mituman. 
Medical Research Council Biophysics Research Unit and Wheatstone Physics 
Laboratory, King’s College, London, W.C. 2 


The tension produced by direct current stimulation of the ABRM falls to 
half-value in about 30 min; tension (‘passive’ tension) persists long after 
the active state has decayed to zero (Lowy & Millman, 1959a, 6). This is a 
tonic response. After repetitive stimulation at 4~10/sec the muscle relaxes 
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completely in less than 1 min. This is a phasic response. Lowy & Millman 
(19596) suggested that during the active state two types of linkages are 
formed in a sliding-filament contractile mechanism, that the low breaking rate 
of one type is responsible for ‘passive’ tension, and that this rate can be 
accelerated (as in the phasic response) by a 5-hydroxytryptamine (5-HT)-like 
substance released from inhibitory nerves during repetitive stimulation. We 
now have evidence for a simpler explanation which postulates linkages of 
one type only. 

In the specific sliding-filament mechanism proposed by Huxley (1957), 
maximum shortening velocity i is governed by the linkage formation rate ( Si)» 
the breaking rate in the region where most of the linkages are broken (g,) 
being very high. During isometric relaxation most linkages remain in a region _ 
where the breaking rate is low (g,); hence tension decay will be governed by q,. 
In the ABRM we find that the rate of tension rise, the maximum shortening 
velocity and the maximum tension developed are all about the same, regardless 
of whether the response is tonic or phasic. Thus it appears that in both re- 
sponses linkages of only one type and with one formation rate are involved. 
The decay rates in the two responses can be explained by assuming different 
values for 9. 

We have evidence that the linkages responsible for ‘ passive’ tension are of the 
same type as those formed during the active state. When the ABRM is slowly 
stretched a tension appears which is made up of a true resting tension, and 
a variable amount of ‘passive’ tension. Resting tension decays to half-value 
in a day or so, ‘ passive’ tension in about 30 min. The latter probably originates 
from the intermittent spontaneous activity present in the unstimulated muscle 
(Lowy, 1955). ‘Passive’ tension is diminished by repetitive stimulation, 
further reduced by 5-HT, and completely abolished by making the muscle 
inexcitable with Mg(l,. 

Stanulateng a muscle which holds ‘passive’ tension, we find that the sum 
of ‘passive’ and active tension at any length remains constant regardless of 
variations in the proportions. This indicates that ‘passive’ tension and the 
tension developed during the active state are due to the same linkages. 

We suggest therefore that the kind of response (tonic or phasic) given by 
the ABRM depends on the rate at which linkages—all of one type—break, 
and that this will be determined by the amount of 5-HT-like substance 
present. 
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_ Effect of vagotomy on the secretory responses of the Pavlov 
pouch to mecholyl and histamine. By A. Muren. Department of 
Physiology, University of Gothenburg, Sweden 


In spite of the large number of studies made on the effect of vagotomy on 
gastric secretory responses, few investigations seem to have been devoted to 
the problem of supersensitivity after denervation in this connexion. According 
to most reports, increased responses to chemical stimulants do not appear 
after vagotomy. With special attention to the importance of the dosage when 
these problems are to be investigated, it was decided to study the responses 
to mecholyl and histamine given at dosage rates around the threshold level. 

Five Pavlov-pouch dogs were subjected to serial experiments during a 
number of weeks before, and up to 4 months after, vagotomy. The secretory 
responses from the pouches were collected every 15 min during subcutaneous 
injections of mecholyl, given in a standard range of doses (2, 4, 8 and 16 ug/kg) 
every 30 min. The responses to histamine were determined in the same way 
(1, 2, 4 and 8 wg/kg). The variations between the results of different experi- 
ments before vagotomy were small. After vagotomy there was in all cases a 
considerable increase in the response to mecholyl; the threshold dose was 
reduced from about. 16 to 4 ug/kg, and the total secretory volume was on 
the average increased four times. The increase was maximal during the first 
_ post-operative month, after which time a decline occurred. The responses to 
histamine, on thé other hand, were in no instances increased after vagotomy; 
they were in most cases reduced. 

The cause of ‘the discrepancy between the effects of mecholyl and histamine 
can at present only be the subject of speculation. One possibility would be 
that histamine exerts its action on the parietal gland cell at a site beyond the 
point where the process responsible for the supersensitivity is located. 


The preparation and properties of gastrin. By R, A. Grecory and 
Hitpa J. Tracy. Physiological Laboratory, University of Liverpool 


Komarov (1938, 1942) first prepared from gastric antral mucosa a histamine- 
free extract which though crude was non-toxic, and on intravenous or intra- 
muscular injection into conscious dogs or anaesthetized cats stimulated acid — 
but not pepsin secretion. In a gastric-fistula dog 200 mg intravenously caused 
the secretion of 20-5 ml. juice in 72 min. 

Antral extracts have also been prepared by Uvniis (1945), Harper (1946) 
and J orpes, Jalling & Mutt (1952). All tested their extracts by intravenous 
injection into anaesthetized cats. Linde (1950) injected intravenously into 

Pavlov- and Heidenhain-pouch dogs a preparation supplied by Jorpes and 
Mutt which had been shown to be active in anaesthetized cats. In two 
experiments there was no response; in the other two the maximal response 
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was 1-7 ml./10 min (Pavlov pouch). The juice was poor in pepsin, and atropine 
depressed but did not arrest secretion. 

In the present experiments gastrin was prepared from hog antral mucosa 
by a method to be described, which includes repeated precipitation and washing 
with trichloroacetic acid, giving a histamine-free product. In one preparation 
40 mg histamine acid phosphate was added at an early stage; the final product 
had no effect on the cat's blood pressure in a rapid intravenous dose equivalent — 
to 40 g mucosa, but was fully active in stimulating secretion in the conscious 
dog. The present yield is 15 mg/100 g mucosa; the extract has been tested on 
dogs with gastric fistulae and denervated fundic pouches. 

In a 10 kg gastric fistula dog, a single intravenous injection (equivalent to 
40 g mucosa) was almost without effect on secretion; the same total dose given 
during 15 min caused the secretion of 50 ml. in 60 min, containing 6-03 m- 
equiv/l. HCl. Pepsin output was not increased. A similar dose subcutaneously 
evoked a greater response (87 ml. in 135 min, containing 11-0 m-equiv HCl). 
In this dog histamine (1 mg acid phosphate subcutaneously) caused the 
secretion of 34-2 ml. in 60 min, containing 4-7 m-equiv HCl. : 

Repeated subcutaneous injections evoke high rates of secretion (e.g. 120 ml./ 
hr, acidity 158 m-equiv/l.). Similar injections in dogs with denervated fundic 
pouches caused only small responses. 

These results suggest that (1) impressions that gastrin is ineffective sub- 
cutaneously may be attributable to the nature of the preparations and methods 
of testing used, (2) stimulation by gastrin may depend upon the time course 
of its entry into the circulation, (3) vagal innervation may be a significant 
factor in the effective action of gastrin. 
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Comparison of certain acid-base characteristics of arterial blood 
- and c.s.f. in man, and the effects of alkalaemia thereon. 
By R. D. Brapiey and S. J. G. Sempre. Department of Medicine, 

St Thomas’s Hospital Medical School 


Recently Loeschcke, Koepchen & Gertz (1958) have shown that in cats 
pulmonary ventilation can be changed by altering the pH of fluid perfusing 
the fourth ventricle of the brain. Short-term acidaemia and alkalaemia in 
_ dogs produced changes in c.s.f. pH in the opposite direction to those in blood 
(Robin, Whaley, Crump, Bickelmann & Travis, 1958). These experiments 
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lead us to believe that further study of the relationships of certain acid-base 
characteristics of the blood to those of the c.s.f. might help in the assessment 
of the chemical control of ventilation. We report here some preliminary 
experiments of this relationship in man. 

Samples of c.s.f. and arterial blood were taken simultaneously in ten subjects, 
and the pH and total CO, content measured. The mean results were: 


pH pco, Hg) (HCO,) m-equiv/I. 
Arterial plasma 7-390 42-1 25-5 
C.s.f. (lumbar) 7-290 50-9 231 


It is possible that the figures quoted above for lumbar fluid are not represen- 
tative of c.s.f. elsewhere in the subarachnoid space or in the cerebral ventricles. 
The opportunity of investigating this in man is obviously limited but we 
have made a simultaneous comparison of cisternal and lumbar c.s.f. in three 
subjects. Only minor differences in pH, pCO, and bicarbonate level were found. 

The mean pCO, difference between arterial blood and c.s.f. is close to the 
normal cerebral arterio-venous difference. This suggests that the pCO, of c.s.f. 
should be close to that of jugular venous blood and this was confirmed in two 
subjects in whom simultaneous samples of arterial blood, jugular venous blood | 
and c.s.f. were taken. 

The short-term effects of an alkalaemia produced by intravenous sodium 
bicarbonate (approximately 6 g) was studied in four subjects, simultaneous 
samples of arterial blood and lumbar c.s.f. being taken before and 30 min after 
the intravenous bicarbonate. As the results were essentially the same the 
mean changes are quoted: : 


pH pCO, (mm Hg) (HCO,) m-equiv/. 
Arterial plasma +0-030 +0-6 +2-3 
C.s.f, — 0-021 +2-8 


_ Similar changes in c.s.f. in relation to arterial blood were found after an 
alkalaemia sustained over a longer period of time (5-6 days). The cerebro- 
spinal fluid pH fell whilst that of the arterial rose; the change in the c.s.f. 
being due to a proportionally larger increase in pCO, than bicarbonate. 
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Acid secretion by the abomasum and its relation to the acidity of 
the abomasal contents. By R. W. Asn. Rowett Research Institute, 
Bucksburn, Aberdeenshire 


Adult sheep were prepared with vagally innervated caeaa couches (Hill & 
Gregory, 1951) and the main body of the abomasum was cannulated opposite 
the pyloro-abomasal anastomosis. In addition, all the sheep were fitted with 
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a rumen cannula, one had a duodenal cannula and another a pyloro-duodenal 
re-entrant fistula. 

After emptying and rinsing the reticulo-rumen and abomasum the secretion 
of acid by the pouches was profoundly reduced or abolished. Infusions of 
250-500 ml. of rumen fluid (pH 6) directly into the abomasum caused a 
_ marked secretion of acid from the pouches. This began within 15 min and 
reached a peak about 45-90 min later; the responses were greater with the 
larger infusions. The decline of acid secretion appeared usually to be associated | 
with an increase in the acidity and a decrease in the volume of the residual 
fluid in the abomasum. The total response was analysed into excitatory and 
possible inhibitory effects of a mechanical and chemical nature. 

Distension of a balloon in the main body of the abomasum with 250-500 ml. 
0-9°% (w/v) NaCl stimulated acid secretion within 15 min, which reached a 
peak at about 30 min and thereafter declined. The onset of the response was 
delayed for 30-60 min by an infusion (25 mJ./15 min) of NaCl-HCl (330 m- 
osmoles; H+ 60 m-equiv/l.) into the duodenum, indicating that the decrease in 
acid secretion was the result of inhibition rather than of adaptation to distension. 

Phosphate buffers (pH 5-6) containing 25 or 50 mm fatty acid produced 
larger responses than phosphate buffers alone, when introduced into the 
abomasum. This was not due to differences in buffering power or to the rate 
at which the solutions left the abomasum, since similar results were obtained 
when outflow was prevented and all buffers remained above pH 5-0. Phosphate- 
fatty acid buffers at: pH 2 failed to stimulate acid secretion. 

In individual sheep under extremes of fasting and feeding the acidity of the 
abomasal contents flowing into the duodenum fluctuates only within narrow 
limits, although acid secretion by the pouches may change by a factor of 70. 

The observations described here indicate ways in which this state of affairs 


can be achieved. 
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The action of aldosterone on the isolated kidney of the cat perfused 
- from a heart-lung preparation. By M. J. Davey and Mary F. 
Lockett. Chelsea College of Science and Technology, London, S.W. 3 


Cat kidneys perfused by a heart-lung preparation (Lockett, 1959) have been 
used for the study of the direct actions of aldosterone on the kidney. 

In all 30 experiments the cats concerned in any one experiment were either 
all under chloralose anaesthesia or were all spinal. Irrespective of the presence 
or absence of anaesthesia, the experimental findings fall into two groups which 
are directly related to the presence or absence of a head circulation during the 
collection of blood for the perfusion circuit. When the blood had been drawn 
in the presence of a head circulation, 0-5-10 yg (+) aldosterone monacetate 
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(Ciba)/150 ml. blood caused, after a latent period of 3-6 min, an increase in 
renal blood flow which reached maximum in 10-15 min. Approximately 
10-5 pg aldosterone monacetate/150 ml. was needed to produce a maximum 
effect on renal blood flow. Reduction in the minute volume of urine and in the | 
concentrations of sodium and chloride of urine began in the first 10 min and 
reached maximum in the second 10 min of urine collection. The concentration 
of potassium was unchanged or fell. The maximum effect on urine volume and 
on renal blood flow occurred at a lower concentration of aldosterone than did 
the maximum effect on electrolyte concentrations. Circulation of blood, to 
which no aldosterone had been added, resulted in the return of the renal blood 
flow and of the minute volume of urine to their original levels within 10 min; 
the recovery of the electrolyte concentrations was much more gradual. This 
is termed type I action. 

When the perfusing blood had been drawn in the absence of a head circula- 

tion, aldosterone caused an increase in the minute volume of urine, in renal 
blood flow and in potassium excretion. There was a smaller fall in sodium and 
chloride concentration such that the diuresis was often enough to increase the 
p-equiv of these ions lost per minute. This is termed the type II action. 
_ When blood was drawn under chloralose anaesthesia from hypophysecto- 
mized cats in the presence of a head circulation aldosterone had rather weak | 
type II action. Whereas 10 m-u. synthetic oxytocin (Sandoz Products Ltd.) 
/150 ml. blood regularly converted the action of aldosterone from type II to 
type I, Pitressin (vasopressin; Parke, Davis) 50 m-u./150 ml. usually failed in 
this respect. 

Chloralose anaesthesia rendered kidneys 5 to 10 times less sensitive to 
aldosterone and 100 to 500 times less sensitive to Pitressin. 
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The effect of bretylium tosylate (Darenthin) on certain vascular 
reflexes in human limbs. By D. A. Biarr, W. E. Guover, B. 8S. L. 


I. C. Roppie. Department of Physiology, The Queen’ s University 
of Belfast 

Bretylium tosylate (Darenthin; Burroughs Wellcome and Co. Ltd) is a_ 
benzyl quaternary ammonium compound described by Boura, Copp & Green 
(1959). Experiments in cats would support the theory that it brings about a 
Selective blocking of the peripheral adrenergic fibres of the sympathetic 
-hervous system, without antagonizing the effects of circulating adrenaline or 
— (Boura, Green, McCoubrey, Laurence, Moulton . Rosenheim, 
1959) 


In the present experiments the effects of Darenthin on certain vascular 
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reflexes in man were studied. In ten subjects 12 mg of Darenthin in 16 ml. 
of saline was infused into one brachial artery over 4 min. Forearm or hand 
blood flows were measured on both sides by venous occlusion plethysmography. 
On the perfused side there was in the forearm and hand a vasoconstriction 
which lasted for at least 1 hr and which resulted in a reduction in blood flow 
of between 25 and 35%. 

The vasoconstrictor responses to the Valsalva manceuvre (Roddie, Shepherd 
& Whelan, 1958) and to pressure breathing (Blair, Glover & Kidd, 1959) which 
occur in forearm muscle, and-to cooling, which occurs in the hand and forearm 
skin (Roddie, Shepherd & Whelan, 1956), were either reduced or abolished for 
at least 2 hr in all experiments. In some experiments the block became more 
marked with the continuance of time. In the hand the vasoconstrictor effect 
of a single deep breath (Shepherd, 1951) was similarly reduced or abolished. 

The vasodilator responses to emotional stress in the forearm muscle (Blair, 


Glover, Greenfield & Roddie, 1959) and to indirect body heating (Roddie, 


Shepherd & Whelan, 1957) in forearm skin were largely unaffected. 
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Circulatory and respiratory responses of the dog to progres- 


sively increasing concentrations of inhaled carbon dioxide. 
By G. R. Granam, D. W. Hixt and J. F. Nunn. Research Department of 
Anaesthetics, Royal College of Surgeons of England, London, W.C. 2 
The inhalation of carbon dioxide in concentrations of more than 30% is known 
to lead to respiratory failure in unanaesthetized man and dog, although it 
has not been previously determined whether this failure is caused by or merely 


coincidental with the onset of convulsions which are apparently inevitable 


under these conditions. Experiments have, therefore, been performed to test 
the circulatory and respiratory effects of progressively rising concentrations 
of inhaled carbon dioxide. Convulsions were avoided by cyclopropane 
anaesthesia. Any added action of this anaesthetic agent was eliminated, as 
far as postible, by its early withdrawal. Throughout the experiment oxygen 
-was given in a concentration to add up to 100% for the gas mixture as a 
whole; it was never less than 20%. reed 
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Dogs anaesthetized with cyclopropane were made to inhale progressively 
increasing concentrations of carbon dioxide, until a concentration of about 
20-25 °/, was reached. At this point cyclopropane was withdrawn, because this 
concentration of carbon dioxide is alone sufficient to maintain the dog in 


anaesthesia. There was a gradual rise in respiratory minute volume as the 


concentration of carbon dioxide was raised above 5%, followed by a further 
abrupt increase, over that measured at the same concentration of inhaled 
carbon dioxide, when the cyclopropane was withdrawn. The minute volume 
reached a peak at a carbon dioxide level of about 25%, after which it rapidly 
fell despite further increase in carbon dioxide concentration, until respiratory 
arrest occurred at carbon dioxide levels of about 40-50%. The animals were 
then artificially ventilated while the proportion of carbon dioxide in the 
inspired mixture was gradually raised further up to 75% (the remainder being 
oxygen). At carbon dioxide levels varying from 60 to 75% spontaneous 
respiration was resumed, usually at minute volumes approximating control 
values, and continued for at least 1 hr without significant changes in minute 
volume, blood pressure, heart rate or electrocardiogram. Following a gradual 


reduction of the inhaled concentration of carbon dioxide, a return to control . 


conditions could be achieved, the animals having been re-anaesthetized with 


cyclopropane when the concentration of carbon dioxide in the inhaled gas 
had fallen to 25%. 


Gastric distension and the external secretion of the pancreas. 
By D. F. Macer*. Department of Pharmacology, University of Washington, 
Seattle, U.S.A. | 

Recently Lundh (1958) found higher protease activity in duodenal aspirates 
from patients following the Billroth I gastrectomy than from others subjected 
to the Billroth II procedure. A possible explanation for this is that the smaller 
anastomotic opening in the first technique causes greater distension of the 
gastric remnant. This response was tested in dogs in which total and partial 
chronic pancreatic fistulae were constructed. After recovery the animals were 
subjected to balloon distension of the stomach (300-400 ml. air). 

In thirty-seven experiments on twenty-three dogs a significant increase in 
both the volume and protein of the pancreatic juice occurred with means of 
145 and 98% respectively. Protein was estimated by measuring the absorption 
of the diluted juice at 280 mp with a Beckman spectrophotometer. The 


protein increase was not a ‘wash out’ effect since gastric distension produced 


extra secretion even during maximal flow evoked by continuous intravenous 
secretin. | | 


Gastric distension did not stimulate pancreatic secretion after bilateral 
thoracic vagotomy or vagal block with procaine hydrochloride. Distension of 
* Guggenheim Fellow at the Rowett Research Institute, Bucksburn. 
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either Heidenhain pouches or of innervated or denervated pyloric pouches 


was without effect or produced a decrease in volt#me-and protein. This was 
most marked with pyloric pouches. Inflation of innervated pouches of the 
whole stomach increased secretion but the effect was greater on the protein 
content of the juice than upon the volume response. This effect was abolished 
by the application of procaine to the gastric mucosa. Inflation of the intact 
stomach was without effect on the pancreas transplanted by the — of 
Farrell & Ivy (1926). 

It appears that the response observed is a reflex mediated via the vagal 
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Morphine inhibition of smooth muscle stimulants on the guinea- 
pig’s intestine. By G. P. Lewis. National Institute for Medical 
Research, Mull Hill, London, N.W. 7 


It has been indicated that the action of morphine in depressing the activity of 
the intestine is a depression of a nervous mechanism (Schaumann, Giovannini 
& Jochum, 1952; Schaumann, 1955; Kosterlitz & Robinson, 1955, 1958). 
Recently, morphine has been found to reduce the acetylcholine released from 
cholinergic nerve endings (Paton, 1957; Schaumann, 1957). The present experi- 
ments show that morphine exerts an apparently non-specific inhibitory effect on 
the action of all smooth muscle stimulants, The contractions of the guinea-pig 
ileum to acetylcholine, histamine, 5-hydroxytryptamine, nicotine, BaCl,, KCl, 
carbachol, plasma kinin and substance P, are partially inhibited by morphine 
in a concentration of 10-§ to 10-7. The degree of inhibition varies according 
to whether the smooth muscle stimulant acts directly on the smooth muscle 
or on the intestinal ganglia to cause release of acetylcholine from the post- 
ganglionic fibres. 

Contractions to substances which act primarily on smooth muscle, such as 
acetylcholine, histamine, KCl, carbachol, plasma kinin and substance P, are 
inhibited 20-40% by morphine. The nature of this inhibitory action bears a 
striking similarity to the action of morphine as described by Paton (1957) in 
reducing the release of acetylcholine from cholinergic nerve fibres. The degree 
of inhibition is about the same in each case, higher concentrations of morphine 
fail to increase either effect, the onset and recovery of both actions is usually 
slow and sometimes adaptation occurs to the action of morphine. 

Contraction of the guinea-pig’s intestine to substances which act primarily 
by stimulating the intestinal ganglia, such as nicotine and BaCl,, are inhibited 
to a greater extent by morphine (40-80%). The greater inhibition with drugs 
acting on the intestinal ganglia is consistent with the view that morphine 
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inhibits both the release of acetylcholine from the stimulated neurones and 
also the action of the liberated acetylcholine on the smooth muscle. 

Morphine also inhibited the 5-hydroxytryptamine contractions, as was 
previously observed by Kosterlitz & Robinson (1955) and Gaddum & Picarelli 
(1957). The inhibition was sometimes not greater than that observed for those 
drugs which act primarily on the smooth muscle but sometimes was as great 
as that seen with nicotine and BaCl,. 

It is concluded that the action of morphine on the intestines extends to both 
nervous and smooth muscle elements of the guinea-pig’s intestine. 
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Water transfer in different parts of the rat intestine. By Brryi 
A. Barry, J. Marraews and D. H. SmytH. Department of 
University of Sheffield 

The capacity of the rat small intestine for transfer of water and glucose in vitro 

varies in different regions (Fisher & Parsons, 1949; Wilson & Wiseman, 1954; 

Smyth & Taylor, 1957). The following experiments were undertaken to study 

in more detail the possible correlation between glucose and water transfer in 

different parts of the small intestine. 

The preparation used was the sac of rat everted intestine described by 
Wilson & Wiseman (1954). White rats were anaesthetized with pentobarbitone 
sodium, and the small intestine was removed below the level of the duodenum. 
It was then everted, divided into five equal parts and sacs made from these. 
The sacs were filled with Krebs’s bicarbonate saline containing 500 mg 
glucose/100 ml., suspended in the same solution and shaken in aerobic condi- 
tions at 37° C. It was found that the transfer of both glucose and water was 
greatest in sac III (the five sacs being numbered from the jejunal end of the 
intestine), and least in sac V. There was, however, not a strict correlation 
between glucose and water transfer. The difference in capacity for glucose 
transfer in different parts of the intestine was much greater than the difference 
in capacity for water transfer. The lower end of the ileum had very little 
capacity for glucose transfer, but considerable capacity for water transfer. 

Further studies were made on the effects of various conditions on the transfer 
capacities of sacs I, III and V. The absence of glucose reduced the capacity 
for water transfer by sacs I and III much more than that of sac V. Phlor- 
thixin (10-4 m) reduced the fluid transfer by sacs I and III but had much less 
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effect on fluid transfer by sac V. Anaerobic conditions, KCN (10-% m) and 
24-dinitrophenol (2 x 10~ m) greatly reduced transfer in all sacs. 

It is concluded that there are at least two different processes involved in the 
transfer of fluid by the intestine im vitro. Both of these are dependent on 
intestinal metabolism, being abolished by anaerobic conditions, KCN and 
2-4-dinitrophenol. One process, however, which seems to play an important 
part in water transfer in sacs I and III, is dependent on the presence of glucose 
and is inhibited by 10~* m phlorrhizin, which probably acts by preventing the 
entrance of glucose into the cells (Parsons, Smyth & Taylor, 1958). The other 
process, which plays a greater part in water transfer in sac V, is independent of 
the presence of glucose and is little affected by 10-4 m phlorrhizin. It presum- 
ably depends on the metabolism of substances other than glucose by the 
intestinal cells. 
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Observations on the leptomeningeal collateral circulation in dogs. 
By L. Symon*. National Institute for Medical Research, Mill Hill, 
London, N.W. 7 gee 


In dogs anaesthetized with pentobarbitone, the leptomeningeal collateral 
circulation was studied by injecting **P-labelled red cells into the right carotid 
circulation and observing their passage through an area of suprasylvian 
cortex of the right hemisphere with a probe counter, before and after occlusion 
of the right middle and anterior cerebral arteries. 

After occlusion of the middle cerebral artery, although the arrival of cells 
was slowed and their transit time prolonged, blood flow from the carotid was 

not abolished. When, however, the anterior cerebral artery was occluded as 
well, no signs of passage of injected cells were observed. Only in one dog did 
occlusion of the middle cerebral artery alone produce this effect. Post mortem 
the right anterior cerebral artery between the right internal carotid artery 
and anterior communicating artery was found to be vestigial. 

These results suggest functional communication between anterior and middle 
cerebral arteries distal to the circle of Willis, for which there is abundant 
anatomical evidence (Van der Eecken, 1959). This suggestion is supported by 
a further delay in arrival and further lengthening in transit time of injected 
cells when, after occlusion of the middle cerebral artery, a parasagittal incision 
was made into the white matter 1 cm from the mid line, dividing many 
leptomeningeal anastomoses. 

: * M.R.C. Clinical Research Fellow. 
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The following findings suggest that blood may pass to the leptomeningeal 
circulation from vessels other than the anterior and middle cerebral arteries: 
(a) Back flow occurs from the distal end of the middle cerebral artery divided 
after occlusion of the anterior cerebral artery. (6) Free bleeding occurs when 


a pial artery is opened on the side of occlusion of both vessels. (c) When at 


the end of the experiment the head is perfused from the aorta with carmine 
gelatine, the cortex of the operated side becomes stained, although not as 
intensely as on the other side. Such residual flow must come from the opposite 
anterior cerebral artery via the anterior communicating artery and from the 
posterior cerebral artery of the same side. 

While the cortex on the operated side stained invariably in the perfusion 
experiments, staining of the basal ganglia depended on the method used to 
occlude the middle cerebral artery. When it was excised from its origin to its 
proximal bifurcation, the caudate nucleus except for the rostral part of its 
head, and the lentiform nucleus and amygdala were not perfused. When 
occlusion was effected by clip applied to the vessel 1 mm from its origin, the 
deep nuclei were well perfused. The difference is due to occlusion of the striate 
branches of the middle cerebral artery in the former instance, the collateral 
supply of deep nuclei being very poor (Fay, 1925; Jewell & Verney, 1957). 
When a clip is used, the basal ganglia are perfused from the pial circulation 
by reflux along the main stem of the middle cerebral artery. — 
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A comparison of serum kallikrein, bradykinin and histamine on 


_ capillary permeability in the guinea-pig. By K. D. Broo.a* 
and M. ScuacuTer. Department of Physiology, University College London 


Partially purified preparations of hog serum kallikrein (3-35 units/mg) and 
bradykinin (200-900 units/mg), injected intradermally, were found to be very 
effective in increasing the permeability of the blood vessels of the skin to a 
circulating dye, Pontamine blue. The kallikrein was prepared by the casein 
adsorption method (Werle, 1936) and purified by fractionation with acetone, 
alcohol, and ammonium sulphate; the pycnie a was prepared by the action 
of trypsin on bovine serum globulin. 

The effects of kallikrein and bradykinin in increasing permeability were 
similar both qualitatively and quantitatively as indicated by the accumulation 
of circulating dye at the site of injection. The lesions which they produced 
were more intense in colour than those caused by histamine. In the lower 
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concentrations, kallikrein and bradykinin, though still impure, were more 


effective than histamine on a weight basis. The dose-response curves for these 
substances were very similar to each other and they showed an earlier, pro- 


- nounced flattening out when compared with that for histamine. 


The effectiveness of these substances was unaffected by pre-treatment of the 
guinea-pig with mepyramine in doses (100 »g/kg) which almost completely 
blocked the effects of histamine. The action of kallikrein in increasing perme- 
ability was greatly reduced by incubation of the solution with soya bean 
trypsin inhibitor (SBTI), but not with ovomucoid trypsin inhibitor (OI), 
before injection. The response to bradykinin or histamine was unaffected oy 
either of these agents. 


Kallikrein, in concentrations as low as 0-1 yg/ml., released kallidin from ; 


guinea-pig plasma. This release was prevented by SBTI but not by OI. 

These results suggest that the action of serum kallikrein in increasing 
capillary permeability is mediated by the release of kallidih, which closely 
resembles bradykinin (Holdstock, Mathias & Schachter, 1957). 


We wish to thank Professor E. Werle for serum kallikrein and Mr W. A. Joris’ aid De 1. M. 


Lockhart for bradykinin. 
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The effect of chlorothiazide on pempidine in man. By C. T. Douery, 
D. Emsiie-Smirx and D. F. Mueateton. Department of Medicine, 
Postgraduate Medical School of London, May and Baker Ltd., Dagenham 


Pempidine (1,2,2,6,6-pentamethylpiperidine) is a fully saturated tertiary 
amine with a powerful blocking action on autonomic ganglia, widely used in 
the treatment of severe hypertension. Plasma concentrations of pempidine 
after a given dose are remarkably reproducible and the hypotensive action 
approximately parallels the plasma concentration of the drug (Dollery, 
unpublished), The diuretic chlorothiazide (6-chloro-7-sulphonyl-2,4-benzo- 
thiadiazine-1,1-dioxide) potentiates the blood-pressure-lowering action of 
pempidine and other hypotensive drugs mainly by reduction of blood volume. 

When plasma concentrations were measured serially in patients on a fixed 


daily dosage of pempidine, the addition of chlorothiazide elevated the plasma 


pempidine concentration two- or threefold but with a moderate increase only 


in the hypotensive effect. Further studies were made with single intravenous 


doses of pempidine by using a standard procedure to evaluate changes in plasma 
concentration and blood pressure for an hour after the dose. After premedica- 
tion with chlorothiazide the plasma pempidine concentration produced by 


- the same dose was several times higher but there was only : a slightly iets 


fall of blood pre 
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Intravenous injection of chlorothiazide in patients receiving oral pempidine 
invariably caused an increase in the plasma pempidine concentration within an 
hour, but this was not associated with any consistent change in blood pressure. 

Chlorothiazide alters the cell/plasma distribution of pempidine. Large 
changes in plasma pempidine concentration were not associated with a 
commensurate increase in the effect on blood pressure, probably because 

- pempidine is bound to plasma protein in the presence of chlorothiazide. 


A comparison of the specific dynamic action (S.D.A.) of a mixed — 
diet and of diets of pure protein, pure fat and pure carbo- 
hydrate in man. By J. V. G. A. Durnin and Anna Ferro-Lvzzi. 
Institute of Physiology, University of Glasgow 


The specific dynamic action (s.p.a.) of food is a subject which is still largely 
obscure, not only in our knowledge of the nature of the action, but also with 
regard to its quantitative aspect. There have been no complete studies re- 
ported which compared the metabolism of man after ingestion of a mixed diet, 
and after equi-calorific diets of pure protein, pure fat. and pure carbohydrate. 

In the present experiment we have attempted to do these measurements 
on eight normal subjects. The amount of food eaten on each occasion provided 
- about 530 kcal. The gross metabolic rate of each subject, while lying on a 
couch, was measured twice before the meal (the subject having fasted for 
at least 12 hr beforehand) and then half-hourly after the meal for 3 hr. 
Total s.p.a. was thus not estimated, only a comparison of — various meals 
being made. 

The results show considerable variation between individuals and show some 
differences from previous work on this topic; for example, there seems little 


difference in effect between the fat and the protein meals during the 3 hr 
period of measurement. 


This work is part of a project being financed by the Scottish Hospital Endowments Research 


Trust. One of the authors (A. F.-L.) is at present the recipient of a grant from the Medical 
Research Council. 


Electron microscopic evidence for extracellular space within the 
striated muscle fibres of Carcinus maenas. By L. D. Pracuey. 


The Rockefeller Institute for Medical Research, 66th Street and Y ork Avenue, 
New York 21, N.Y., U.S.A. 


A suggestion concerning the action of steriods on cells. By 
KE. N. WittmEr. Department of Physiology, University of Cambridge — 


Central connexions of mechanically sensitive receptor units in the 


mantle of octopus. By J. A. B. Gray. Department of — 
University College London 


™ 
% 


CONTENTS OF VOLUME 149 
1050 


Presynaptic failure of neuromuscular in rats, 
K. and R. Mrixpt. 


Seasonal variations in serum inorganic abe and calcium with 


special reference to parathyroid M. Iwanamt, S. Osta, 
T. Yamapa and H. . 


‘Formation and catabolism of histamine in brain tissue in vitro. cps 
T. WHITE 


Stimulation and inhibition of reticulum contractions, rumination and 
parotid secretion from the forestomach of conscious _— By R. W. As# 
and R. N. B. Kay . 


Experiments on the site of action of tubocurarine when spied via 
the cerebral ventricles. By W. and J. L. 


_ A study of intracellular potentials and contractions in atria, including 
evidence for an after-potential. By E. M. VavucHan 


A peripheral arterial conducting mechanism underlying dilatation of 


the femoral artery and concerned in functional vasodilatation in skeletal — 


muscle. By 8. M. Hinton 


The effect of lowered muscle temperature on the action of neuro- 


muscular blocking in man. T. H. Cannarp and ELEANOR 
ZAIMIsS . 


The spindle motor nerves to the sisabsrcccmeae muscle of the rabbit. 
By K. Drers-Spirr and J. E. Pascor 


The blood-brain barrier and the extracellular brain. 
H. Davson and E.Spazianr. 


Breathing and the thermal environment - in young rabbits. td 
K. Apamsons, Jr. . 


The nature of the phasic and the tonic responses of the anterior ba 
retractor muscle of Mytilus. By B. R. JEWELL ; 


Pressure—volume relationships in the chest before on after death. 


By R. J. SHEPHARD 


The effect of increased filling pressure on dedi and atrio- 
ventricular conduction in isolated hearts. By W. R. KzatincE 


Injection of drugs into the cerebral ventricle of sheep. By A. C. PALMER 


PAGE 


78 


43 
58 : 
4 
4 
120 
144 
209 
— 
4 


iv CONTENTS 


No.2. December 1959 


Neurohormones of the pericardial organs of age Crustacea. 
D. M. Maynarp and J. H. WEeLsH 


Adrenaline release during insulin hysini in the rabbit. . By 
J. ARMIN and R. T. Grant 


Potential changes recorded inside primary afferent fibres within the 
spinal cord. By J. C. and K. 

Presynaptic changes associated with post-tetanic enn in the 
spinal cord. By J. C. Eocies and K, Krnsevié 

Retinal stimulation by 7 substitution. i K. O. Donner and 
W. A. H. Rusuton 


Rod-cone interaction in the s retina the Stiles— 
Crawford effect and sd dark a 7” K. O. Donner and W. A. H. 
RUSHTON 


The effect of a coloured PEO field on the ane my of og 


retinal elements. By DoNNER 
Excitation pools in the frog’s retina. By W. A. H. Rusuton 


The oxygen consumption of new-born and adult mammals. Its 
dependence on the oxygen tension in the inspired air and on the environ- 
mental temperature. By JunE R. 


Excitability following antidromic activation in soi motoneurones 
supplying red muscles. By M. Kuno 


The effects of in the rabbit. By H. J. 
CAMPBELL 


_A note on the binding of to rat By C. 


‘The effects of changes in acid-base balance on urinary citrate in the rat. 
By M. A. Crawrorp, M.D. Mine and 


Vascular responses of human skin to infra-red radiation. By G. W. 
CROCKFORD and R. F. HELLON 


The effect of concentrations of amino acids on their rate of dedi 
from the intestine. By E. Lesty Jervis and D. H. Smyrs . 


No. 3. December 1959 


The separate release of faogiante: and antidiuretic hormone. sel G. W. 


THEOBALD | 


The enzyme concerned with in the atria 
of the rabbit heart. By A. S. Miron 


274 


318 


462 


| 
228 
250 
288 
| 303 
346 
374 
394 
410 
413 
424 
| 433 


CONTENTS 


The correlation of intercostal muscle activity with respiratory air flow 
in conscious human subjects. By J. H. Green and J. B. L. Howett 

A comparison of the plasma kinin forming enzymes in urine; kallikrein 
and urokinase. By E. W. Horton and G. P. Lewis 

The effect of intra-arterial atropine on blood flow in the hand and 
forearm during insulin By M. J. AtLwoop and 
GINSBURG 

Conscious of the effects by 


of ventilation volume and of end-tidal pCO, in paralysed — ss 
L. H. Orre, A. C. Smrrn and J. M. K. Spaupine . 


Oxygen consumption and body temperature in new-born kittens 
subjected to hypoxia and reoxygenation. By R. E. Moore . 


The distribution of arginine in the pituitary gland of the rat, with 
particular reference to its presence in et material. By 

The location of renin in the rabbit Widey. ba W. F. Coox and 
G. W. PICKERING . 

Intraretinal recording with micropipette electrodes i in the intact eye. 
By K. T. Brown and T. N. WieszEL 


Calcium ions and the permeability of 
VALERIE BOLINGBROKE and M. 


Changes in the vascular responses of the rat =— pregnancy. By 
Lioyp . 


The axial drift of the red cells when blood flows in a narrow tube. By 
L. E. Bayuiss 


The increase in tone in forearm resistance blood vessels pinta to 
increased transmural pressure. By D. A. Buarr, W. E. Guover, A. D. M. 
GREENFIELD and I. C. 


The action of the anterior lobe of the cerebellum on « motoneurones. 
By I. Catma and G. J. Kipp. : 


Reflexes involving the external urethral ohne in the cat. by | 


R. C. Garry, T. D. M. Roperts and J. K. Topp . 


Vv 


PAGE 


471 


477 


494 


526 


614 


a 
a 
486 
519 
537 | 
a 
063 
‘ 
> 
586 
ty 
593 i 
|| 
4 
626 | 
7 
6: 3 if 
? 
i 
rs 
J 


4q 
q 
i 
i 


CONTENTS (PROCEEDINGS) 


PROCEEDINGS OF THE PHYSIOLOGICAL SOCIETY 
25-26 September 1959 


Hamley, E. J. Langendorff perfusion of the rat heart . ‘ ‘ 
Cambridge, G. W. and Haines, J. A new versatile transducer system 


Bywater, J. E. C. and Glees, P. The effect of the mode of fixation and the ivinevel 
between death and fixation on monkeys’ motoneurones 


Graham, J. D. P. and Gurd M. R. Is the receptor for 
Fillenz, Marianne and Glees, P. Terminations of secueet tract fibres in the yt ? 


colliculus of the monkey 
Theobald, G. W. Leg volume meter 


Barker, D. Seme results of a quantitative histological investigation of 
receptors in limb muscles of the cat 


Boyd, I. A. and Cooper, Sybil. — and compound iteads spindle i in the 


muscles of the cat . ; ee 


Chruéciel, T, L., Groves, D. 0. B. A simple and inexpensive apparatus 
for recording and integrating motor activity in mice 


Fisher, J. S. M. Motoneurone dimensions fixation perfoson or by 
immersion. 


Wright, B. M. Kinetio gas 
Brockway, J. M. A modified sampling in for the Max-Planck seiolanenbes 


Siddiqi, S. and Walker, J. M. Oxytocio of blood to the 

‘superfused’ uterus of the rat 

Buller, A. J; and Dornhorst, A. C. The effect of inchaemin on the excitability of 
human nerve . 


Price-Thomas, J. M. A simple event for use with the 1428 
graph Camera 


Reid, C. S. W. and Titchen, D. A, “Activity of the partial | 


and rumen in conscious sheep ° 


Brown, M. C. and Matthews, P. B. C. Twitch the 
response 


Lloyd, B. B. Special of gas- A 


Barclay, J. A., Hamley, HE. J. and Houghton, Helga. The inulin, sucrose, chloride 
and sodium space of the isolated perfused rat heart 


Fisher, E. W. and Dalton, R. Gv Cardiac in cattle the aye injection 
method . 


Halliday, J. A. Blood NE? in calf after 


Barlow, T. E., Haigh, A. L. and Walder, D. N. Dual circulation in skelotel teil 
_ Blair, D. A., Glover, W. E. and Roddie, I. C. Cutaneous vasomotor nerves in the | 


upper arm, calf and thigh 


Burns, J. K. Absence of variation in the ‘Motiliiaiiia: of ‘Siacselalin acid i in ‘ib 
adrenal cortex during the oestrous cycle 


Mills, J. N., Thomas, S. and Williamson, K. S. Effect of 
cation excretion at night 


Clitheroe, H. J. and Pickles, V. R. The entagoniam of dibutamide to the nadine 
stimulant 


Efron, R. Positive in sntidromioaly 
motor cortex . ° 


Hern, J. C. and Phillipe, 0. Cortical threshold for minimal synaptic 
on cat motoneurones . 


PAGE 
1P 
. 2P 


3P 
4P 


6P 


7P 
9P 
9P 


9P 


12P 


13P 


14P 


14P 


16P 


15P 
15P 


16P 
17P 
18P 


19P 
20P 
21P 
23P 


24P 


& 
. 
vi 
| 


CONTENTS (PROCEEDINGS) 


Lever, J. D. and Lewis, P. R. A possible mechaniam for the initiation of chemo. 
receptive impulses . ‘ 
A, Pernt fibres in nerves to mannmalian skeletal 
Hanson, Jean and Lowy, J. Stractural features relating to the mechanism of tonic 
contraction in certain molluscan smooth muscles . . : 

Elliot, G. F. and Worthington, C. R. Low-angle X-ray diffraction patterns of 
smooth and striated muscles 

Walsh, G. of to after aby. 
rinthectomy . 


Leach, Elizabeth. P from nervous tissue . 


Holton, Pamela. Further observations on substance P in degenerating nerve .. 


Cooke, W. T., Cox, E. V., Gaddie, R., Matthews, D. M. and Meynell, M. J. The 
vitamin B,,, folic acid and ascorbic acid of bone marrow cells in sens woe 
anaemia of pregnancy .... ‘ 

Britton, H. G., Nizon, D. A. and Wright, Gd. A. ths 

Grayson, J.and Mendel, D. Observations on the effect of insulin and pentobarbit 
sodium on blood flow and heat production in the brain ° . 

Goetzee, A. E., Richards, T. G. B. The equivalent plana volume of 
the liver » 

Herzheimer, A. and Woodbury, D. M. The effect of deoxyeorticonterone acetate 
(DOCA) on salt and sucrose taste preference thresholds in rate’. . 

Curtis, D. R. and Eccles, J. C. Repetitive synaptic activation . ‘ 

Mitchell, J. F. Central stimulation of peripheral vasomotor activity in dias ‘ 

Abrahams, V.C., Hilton, S. M. and Malcolm, J. L. Sensory input to hypothalamic 
and mesencephalic regions subserving the defence reaction . ; . , 

Brown, M. ©. and Matthews, P. ®. C. Further evidence relating to the possible 
existence of polyneuronal innervation of muscles of the hind limb of the cat 

Green, J. H. Cardiac vagal efferent activity in the cat ‘ 

Brown, ‘R. V. The central effects of atropine and pyridine-2-aldoxime — 

Iphonate (P28) in dogs poisoned by intrathecal sarin 

Diamond, J. and Miledi, R. The eo of foetal and new-born rat muscle to 

Azelsson, J. and Biilbring, Bain. Eas means mr abolishing the tension response in 
smooth muscle during continued electrical activity at the cell membrane 

Wright, D. Leucocytes in the saliva of infants ‘ ‘ 

Barer, Gwenda R. A comparison of the actions of nen angiotensin and 
adrenaline on the circulation of the cat . ‘ 

Cross, K. W., Klaus, M., Tooley, W. H. and The ofthe now bor 
infant in response to lung inflation 

Collier, H. O. J., Holgate, J. A., Schachter, M. anid Sherioy, @. 
bronchoconstrictor action of —. and its vee by some anti- 
inflammatory agents. 

Baker, Ruth V., Blaschko, H. and Born, @. V. R. The isolistion di blood platelets 
of particles containing 5-hydroxytryptamine and adenosine triphosphate 

Moore, R. E. and Underwood, Mary C. The effects of hexamethonium on the — 
consumption and body — of new-born kittens . 


vil 


PAGE 


26P 
27P 


28P 
29P 


31P 
32P 


33P 
34P 
35P 


36P 
37P 
38P 


40P 
41P 


42P 


44P 
45P 
46P 
47P 


49P 


50P 


50P 


52P 


53P 


54P 


55P 


é 
‘ 
} 
4 
Re 
1¢ 
5 
| 
1 
|| 
P | | 


Viii CONTENTS (PROCEEDINGS) 


Cunningham, D. J. C., Kao, F. E., Lahiri, S., Lloyd, B. B. and Shaw, D. @. The 
immediate respiratory effects of acid-base changes in human subjects . 


tion 


Kosterlitz, H. W. Taylor, D. W. The effect of morphine o on of ost 
ganglionic sympathetic nerves 

Rushworth, G. The grasp reflex of the cat. 

Hallett, P. Scotopic visual acuity and the light threshold 

blair, D. A., Golenhofen, K. and Seidel, W. Muscle blood flow during emotional 


6-7 November 1959 
Furnass, S. B. A method for the continuous measurement of 24 hour eke 
consumption and CO, production . 
Crockford, G. W., Hellon, R. F. and Parkhouse, 
response of human skin vessels to direct heating ‘ ‘ 
Buller, A. J. and Styles, P. R. A new averaging Song the 
signal-to-noise ratio of evoked potentials 


Feldberg, W. and Fleischhauer, K. Elicitation of movements 
application of drugs to the upper cervical spinal cord . 


Evans, M. H., McPherson, A. and Sterrett, S. J. animal 


operating ‘table 

Kahlson, G. and Rosengzen, Inhibition of some 
its consequences . 

Emmelin, N. and J. Sympatheti sorotory fibres for the ‘ab: 
maxillary gland 


Lowy, J. and Millman, B. M. Tonic in the anterior 
retractor muscle (ABRM) of Mytilus. . ‘ 


Muren, A. Effect of vagotomy on the of the pouch to 
mecholyl and histamine . 


Gregory, R. A. and Tracy, Hilda J. The and of 
Bradley, R. D. and Semple, S. J. G. Comparison of certain acid-base characteristics 
of arterial blood and c.s.f. in man, and the effects of alkalaemia thereon 
Ash, R. W. Acid secretion by the abormasum and its relation to the — of the 

abomasal contents . 


Davey, M. J. and Lockett, Mary F. The action isolated ki 
of the cat perfused from a heart-lung preparation . 


Blair, D. A., Glover, W. E., Kidd, B. S. L. and Roddie, I. C. The effect of bretyim 
tosylate (Darenthin) on certain vascular reflexes in human limbs . ‘ 
Graham, G. R., Hill, D. W. and Nunn, J. F. Circulatory and respiratory responses 

of the dog to progressively increasing concentrations of inhaled carbon dioxide 
Magee, D. F. Gastric distension and the external secretion of the pancreas . 


Lewis, G, P. Morphine inhibition of smooth muscle stimulants on the eres: Pis 8 
intestine 


Barry, Beryl A., J. and Smt D. H. Water transfor in different pata of 
the rat intestine . 


Symon, L. Observations on the in j 


histamine on capillary permeability in the guinea-pig ‘ 


PAGE 


57P 


58P 


59P 
60P 
61P 


61P 


70P 


: 
63P 
64P 
65P 
66P | 
66P | 
67P 
68P 
| 
dney 
73P 
| 74P 
75P 
76P 
79P 


CONTENTS (PROCEEDINGS) ix 


Dollery, C. T., Emslie-Smith, D. and eo D. F. The effect of chlorothiazide 
on pempidine in man ; 81P 


Durnin, J. V. G. A. and Ferro- A comparison of the 
action (8.D.A.) of a mixed diet and of diets of fat and 


carbohydrate in man. ‘ 82P 
Peachey, L. D, Electron microscopic for within the 

striated muscle fibres of Carcinus maenas ‘ | 82P 
Willmer, HE. N. A suggestion concerning the action a steroids on pay : ; 82P 


Gray, J. A. B. Central connexions of sietuancutaned sensitive re units in the 
mantle of octopus . ‘ 


4a 
a2 
4, 
wal 
a 
+ 
4 
in 
42 
} 
by 
od 


LIST OF AUTHORS 


Papers published in Proceedings only by title are indicated by (T) 


Apranams, V.C., 8. M. and Matcorm, J. L. 
and mesencephalic regions subserving the defence reaction 


Apamsons, K., Jr. Breathing and the thermal environment in young rabbits 


Attwoop, M. J. and Ginspure, Jean. The effect of intra-arterial atropine on 
blood flow in the hand and forearm during insulin hypoglycaemia 


Armin, J. and Grant, R. T. Adrenaline release daring inulin hypoglyeaemin in 
the rabbit 


Asx, R. W. Acid secretion the its to the sity of the 
abomasal contents . : 


Asa, R. W. and Kay, R.N.B. Stimulation and inhibition of reticulum contractions, 
rumination and parotid secretion from the forestomach of conscious sheep 


Axetsson, J. and Biiterinc, Epira. Some means of abolishing the tension 


response in’ smooth muscle — continued electrical at the cell 
membrane 


Baker, Ruts V., BLascHxKo, and V. R. The isolation blood 
lets of partioles containing 5-hydroxytryptamine and adenosine triphosphate 

Barcuay, J. A., Hamiry, E. J. and Houcuron, The inulin, sucrose, 
chloride and sodium space of the isolated perfused rat heart 


Barer, Gwenpa R. A comparison of the actions of — sngotenin and 
adrenaline on the circulation of the cat . 


BaRrkER, D. .Some results of a quantitative histologeal of 
receptors in limb muscles of the cat . 


Bartow, T. E., A. L. and D. N. Dual in 
muscle . 


Barry, Beryt A., J. D. H, Water tana in different 
parts of the rat intestine 


Bayuiss, L. E. The axial drift of the red cells when blood flows in a narrow tube 


K. D. and Scuacutrr, M. A comparison of serum kallikrein, 
and histamine on capillary permeability in the guinea-pig ° 

D. A., Grover, W. E., Greenrretp, A. D. M. and Roppre, I. The 
increase in tone in forearm resistance blood vessels exposed to increased trans- 
mural pressure 


Buair, D. A., Grover, W. Kinp,-B. 8. and Roppre, I. 0. The olfect of 


bretylium. tosylate (Darenthin) on certain vascular reflexes in human limbs . 


Buarr, D. A., GLover, W. E. and Roppre, I. C. Cutaneous vasomotor nerves in 
the upper arm, calf and thigh ‘ 

Buarr, D. A. nen K. and ieee W. Muscle blood flow — emotional 
stress . 


BuiascuKo, H., V. Born, G. V. R. The from blood 
platelets of — 5- and adenosine tri- 
phosphate 

VALERIE and M. Caloium ions and the permesbl. of 
humanerythrocytes 


43 


50P 
15P 
52P 
7P 
18P 


18P 
593 


80P 


614 
74P 
19P 


61P 


55P 


563 


x 
PAGE 
hypothalamic 
486 
228 


LIST OF AUTHORS 


Born, G. V. R., Baker, Rua V. and Biascuxo, H. The isolation from blood 
platelets of particles and adenosine tri- 
phosphate ° 

Boyp, I. A. and Cooprr, simple ‘ant compound sind in the 
muscles of the.cat ; 

Boyp, I. A. and Mary R. in nerves to skeletal 
muscle . 

BraDiey, R. D. 8. J. G. of certain esi 
teristics of arterial blood and c.s.f. in man, and the effects of alkalaemia 
thereon . 

Brirton, H. G., Nexo, D. A. G. Hypoxi | in 
sheep 

Brockway, J. M. modified the Max-Planck 


Brown, K. T. and Wiese, T. N. Intraretinal with 


electrodes in the intact cateye 
Brown, M. C. and Matruews, P. B. C. Twitch deaynchronination and the tk: 
response (T) . 


Brown, M. C. and Matruews, P. B. to 


existence of polyneuronal innervation of muscles of the hind limb of the cat 

Baowm, R. V. The central effects of atropine and pyridine-2-aldoxime i 
Iphonate (P28) in dogs poisoned by intrathecal sarin 

Eprra and J. Some means of abolishing the tension response 

in smooth muscle during continued electrical activity at the cell membrane . 


Bute, A. J. and  caeaaaai A.C. The effect of ischaemia on the alaaaenaeris of 
human nerve . 


A. J. and R. A new averaging technique for i | 


| signal-to-noise ratio of evoked potentials é ‘ 

Burns, J. K. Absence of variation in the distribution of shsenaabie acid in the 

adrenal cortex during the oestrous cycle ; 

BYWATER, J. E. C. and Guess, P. The effect of the of fixation oad 
interval between death and fixation on monkeys’ motoneurones 

Catma, I. and Kipp, G. L. The action of the anterior lobe of the cerebellum on 

CampBELL, H. J. The effects of partial hypophysectomy in the rabbit 

CANNARD, T. H. and Zarmis, ELEANoR. The effect of lowered muscle temperature 
on the action of neuromuscular blocking drugs in man . ; ; ‘ 

Curuscret, T. L., Groves, D. and Saxsy, O. B. A simple and inexpensive ap- 
paratus for recording and integrating motor activity in mice (T) . . 

CuitHEROE, H. J. and Picxies, V. R. The — of dibutamide to the 
menstrual stimulant 

H. O. J., Horeate, J. A., and G. 
apparent beonchoconstrictor action of and its some 

Cook, W. F. and Picxerine, G. W. The renin in kidney’ 

Cooker, W. T., Cox, E. V., R., Marruews, D. M. and MeyneE 1, M. J. The 
vitamin B,., folic acid and ascorbic acid of bone marrow cells in —" 
anaemia of pregnancy . ? ‘ 

Cooper, The secondary endings of ; 


37P 
11P 


537 
15P 
46P 
49P 
50P 
13P 
65P 
20P 

3P 


626 
2P 
394 


112 
22 P 


524 


36P 
27P 


i 
55 P 
9P 
28 P | 
M 
i 
ag 
4 
a 
+ 
4 
; 


xii LIST OF AUTHORS 


Coorzr, Sypr and Boyp, I. A. — and reegghnses muscle — in the 


muscles of the cat (T) 

Cox, E. V., W. T., Gappre, R., D. M. M. J. The 
vitamin B,., folic acid and eacorbie acid of bone marrow cells in — 
anaemia of pregnancy . 

CrawForp, M. A., Mitnz, M. D. H. The effets of changes in 
acid-base balance on urinary citrate in the rat 


Crockrorp, G. W. and R. F. Vascular — to 
infra-red radiation . 


CrocKkrorp, G. W., Hetton, R. J. on 
local response of human skin vessels to direct heating 

Cross, K. W., Kiaus, M., Tootry, W. H. ‘The of the new. 
born infant § in response to lurig inflation 

CunnincuaM, D. J. C., Kao, F. E., Lanier, 8., B. G. The 
immediate respiratory effects of acid- base changes in human subjects . 

Curtis, D, R. and Eccrzs, J. C. Repetitive synaptic activation . ' 

Dauton, R. G. and E. W. Cardiac in cattle the injection 
method . 

Davey, M. J. and ee Mary F. The action of aldosterone on the isolated 
kidney of the cat perfused from a heart-lung preparation 

Davey, Mary R. and fibres in nerves to 
skeletal muscle ; 

Davies, M. and Jowett, H. The of concentrations amino 
on their rate of absorption from the intestine (Appendix) : 

Davson, H. and E. The blood-brain barrier and the extracellular 
of brain . 


DramMonD, J. and R. “The sensitivity of wid new-born rat to 
acetylcholine . 


Drete-Spirr, K. and Pascoz, J. E. The sind motor nerves to the 
cnemius muscle of the rabbit . 


Douzery, C. T., D. and F, ‘The effect of 
thiazide on pempidine in man 


Donner, K. O. The effect of a coloured adapting field on athe spectra sensitivity of 
frog retinal elements 


Donner, K. O. and Rusuton, W. H. Retinal by light 


Donner, K. O. and Rusuton, W. A. H. Rod-cone interaction in the frog’s retina 
analysed by the Stiles—Crawford effect and by dark adaptation . . . 


Dornuorst, A. C. and — A. J. The effect of ischaemia on the erage of 
human nerve . 

Durnin, J. V. G. A. and A comparison the 
dynamic action (s.D.A.) of a mixed diet and of diets of te Agnes: pure fat ane 
pure carbohydrate in man ; 

Eccotes, J. C. and Curtis, D. R. Repetitive suet activation 


Eccies, J. C. and Krnygevic, K. Potential recorded inside 
afferent fibres within the spinal cord j 


Eccirs, J. C, and Krngevic, K. Presynaptic changes associated wish ost 
tetanic potentiation in the spinal cord . 


Erron, R. Positive extracellular — recorded i in Ph  antdromially activated 
motor cortex . 


PAGE 


9P 


36 P 


53P 


81P 


13P 


82P 


413 
3 424 
64 P 
| 57P 
43P 
16P 
73P 
28P 
433 
135 
50P 
120 
318 
288 
om 
|| 
43P 
250 
274 
23P 


LIST OF AUTHORS 


G. F. and WorruineTon, C. R. diffraction patterns of 


smooth and striated muscles . ‘ . ‘ 
EmMMELIN, N. and J. Sympathetic fibres the cat’s 
maxillary gland. 


D., C. T. and D. F. The effect of chloro- 
thiazide on pempidine } in man ‘ 

maxillary gland 

Evans, M. H., McPHErson, A. 8. J. Fabricated ight -alloy 
operating table (T). 

FetpBerG, W. and FLEIscCHHAUER, K. Elicitation of movements 
topical application of drugs to the upper cervical spinal cord 

FeLtpBerG, W. and Matcotm, J. L. Experiments on the site of action of he, 
curarine when applied via the cerebral ventricles . ; : 

Frerro-Luzzi1, ANNA and Durnin, J. V.G. A. A comparison of the 
action (s.D.A.) of a mixed diet and of diets of pure protein, pure fat and pure 

Martanne and Guess, P. Terminations of tract fibres in the — 

colliculus of the monkey 

Fisner, E. W. and R. G. Cardiac output in by the aye njoction 

method . ‘ 

Fisner, J. 8. M. following perfusion or by 
immersion 

FLEISCHHAUER, K. and w. Blicitation of movements by 
topical application of drugs to the upper cervical spinal cord 


Furnass, 8. B. A method for the continuous measurement of 24 hour — 


consumption and CO, production . 


Gapprig, R., Cooxg, W. T., Cox, E. V., D. M. M. The 
vitamin B,,, folic acid and ascorkio acid of bone marrow cells in — 
anaemia of pregnancy ‘ 


Garry, R. C., Roperts, T. D. M. and Toro, J K. Reflexes involving the external | 


urethral sphincter i in the cat . 

GInsBuRG, JEAN and M. J. The of intra- on 
blood flow in the hand and forearm during insulin hypoglycaemia 

Gurzgs, P. and Bywater, J. E.C. The effect of the mode of fixation and the sikerval 
between death and fixation on monkeys’ motoneurones 

Gires, P. and Marianne. Terminations of tract in 
superior colliculus of the monkey . : 

Grover, W. E., D. A., GREENFIELD, A. D. M. The in. 
crease in tone in forearm resistance blood vessels — to increased 
transmural pressure > 

Giover, W. E., Buam, D. A., Kxop, B. S. L. i, The 
bretylium tosylate (Darenthin) on certain vascular reflexes in human limbs 

Grover, W. E., Bua, D. A. and Roppre, I. C. Cutaneous vasomotor nerves in 
the upper arm, calf and thigh ‘ 

Gorrzer, A. E., Ricuarps, T. G. and G. B. The volume 
of the liver . . 

GOLENHOFEN, K. D. A. and Ww. blood flow emotional 

stress . 


36P 
653 
486 
3P 
5P 
614 
74P 


19P 


61P 


M 
eee 
PAGE 
67P 
3 
66P 
65P 
82P 
a 
§ 


a LIST OF AUTHORS 


GranaM, G. R., Hix, D. W. and Nunn, J. F. Circulatory and responses 
of the dog to progressively increasing concentrations of inhaled carbon dioxide 

GraHaM, J. D. P. R. 
labile? . 
Grant, R. T. J. "Adrenaline release during inmlin hypoglyeaemin in 
Gray, J. A. B. Central connexions of mechanically sensitive receptor units in ve 
mantle of octopus (T) 

Grayson, J. and MENDEL, D. on of panto 
barbitone sodium on blood flow and heat production in the brain . 

Green, J. H. Cardiac vagal efferent activity in the cat ; 

Green, J. H. and Howe tt, J. B. L. The correlation of intercostal muscle stivity 
with respiratory air flow in conscious human subjects . ‘ . 


GREENFIELD, A. D. M., Buarre, D. A., Grover, W. E. and The. 


increase in tone in forearm resistance blood vessels — to increased trans- 
mural pressure 


Grecory, R. A. and Tascr, Hino J. The action of on 
secretion 


Greoory, R. A. and J. ‘The ae of 


Groves, D., Curvécren, T. L. and Saxsy, 0. B. A simple and inexpensive ap- 


paratus for recording and integrating motor activity in mice (T) . . 
Gurp, M. R. and Granam, J.D. P. Is the receptor for adrenaline in cat uterus labile? 


Haron, A. L., Bartow, T. E. and sidney D. N. Dual circulation in skeletal 
muscle ‘ 


Hatuett, P. E. Scotopic visual acuity and the absolute light threshold 
Haturpay, J. A. Blood flow in the human calf after walking 

Hamuzy, E. J. Langendorff perfusion of the rat heart 


E. J., Barcuay, J. A. and Hoventon, The sucrose, 


chloride and sodium space of the isolated perfused rat heart . 


Hanson, Jean and Lowy, J. Structural features relating to the ed = 
tonic contraction in certain molluscan smooth muscles . 


HEt1on, R. F. and Ww, Vascular responses of human skin to inf 
red radiation . 


Hetton, R. F., Crockrorp, G. W. and Saag J. Further evidence on the 
local response of human skin vessels to direct heating . ‘ ‘ ° 


Hern, J. E. C. and Parris, C. G. Cortical thresholds for minimal synaptic action 
on cat motoneurones 


HERXHEIMER, A. and Woopsoury, D. M. The effect of acetate 
(DOCA) on salt and sucrose taste preference thresholds in rats . . . 


Hit, D. W., Granam, G. R. and Nunn, J. F. Circulatory and respiratory re- 


of the to concentrations of inhaled carbon 
10x1ae . 


Hi, June R. The oxygen consaraption of new- and mammals. Its 


dependence on the oxygen tension in the — air and on the environ- 
mental temperature 


Hixton, 8. M. A peripheral conducting dilatation 


the a. er and concerned jn functional vasodilatation in skeletal 
muscle . 


PAGE 


75P 


82P 


47P 


2P 
61P 


15P 


42P 


346 


4P 

228 

| 38 P 

471 

614 

58P 

10P 

4P 

IP 
31P 
424 

64P 

| 24 P 

| 
15P 

| | 

| 


LIST OF AUTHORS 


Hitton, 8. M., Asranams, V.C. and Matcotm, J. L. Sensory 
and mesencephalic regions subserving the defence reaction . ; : 

J. A., Cotter, H. O. J., Scuacuter, M. and SHortey, Patricra An 
apparent b broneh strictor action of and its some 

Hoxton, Pamexa. Further observations on Pi in nerve 


Horton, E. W. and Lewis, G. P. ———— eee 
enzymes in urine; kallikrein and urokinase 
Hoveuton, Barciay, J. A. and E. J. The sucrose, 
chloride and sodium space of the isolated perfused rat heart . . ‘ 


Howe, A. The distribution of arginine in the pituitary gland of the rat, with 
particular reference to its presence in ‘neurosecretory’ material . 


HowE tt, J. B. L. and Green, J. H. The correlation of intercostal muscle stivity 


with respiratory air flow in coriscious human subjects 
Iwanamt, M., Osrpa, 8., Yamapa, T. and Yosurmura, H. Seasonal veriations in 


serum inorganic phosphate and calcium with reference to 


activity . 


Jervis, E. Lesty and ae D. H. The effect of concentrations of amino acids on 
their rate of absorption from the intestine . 


JEWELL, B. R. The nature of the phasic and the tonic a of the anterior _ 


byssal retractor muscle of Mytilus . 
Jowett, G. H. and Davies, Hitpa M. The effect concentrations amino 
on their rate of absorption from the intestine (Appendix) . ' : ‘ 
_ Kauntson, G. and Roseneren, Exsa. Inhibition of histamine formation and some 
of its consequences 

Kao, F. E., Cunninenam, D. J. C., Laurer, 8., Luovp, B. B. G. The 
immediate respiratory effects of acid-base changes in human subjects . 
Kay, R. N. B. and Asa, R. W. Stimulation and inhibition of reticulum contrac- 

tions, rumination and parotid secretion from the forestomach of conscious sheep 
KEatTINGE, W. R. The effect of increased filling ceca on en and atrio- 
ventricular conduction in isolated hearts ‘ . 


Kipp, B. 8. L., Buam, D. A., GLover, W. E. and I, ‘The of 
bretylium tosylate (Darenthin) on certain vascular reflexes in human limbs . 


Kinp, G. L. and Catma, I. The action of the anterior lobe of the cerebellum on — 


motoneurones. 
M., Cross, K. W., W. H. and K. The of the new- 
born infant in response to lung inflation . ‘ 
Kosteruitz, H. W. and Taytor, D. W. The effect of morphine on of 
post-ganglionic sympathetic nerves ‘ . 
Krngevic, K. and Eccrzs, J.C. Potential changes 
fibres within the spinal cord . ‘ . 
Krngevic, K. and Eccizs, J. C. changes with ponte 
potentiation in the spinal cord . ‘ ‘ 


Krugevic, K. and R. failure of 


Kuno, M. Excitability folowing activation in pina motoneurones 
‘supplying red muscles. 


Lauirt, 8., ConninonaM, D. J. C., ao, E., B. G. The 
‘immediate respiratory effects of acid-base changes in human subjects . 


xV 


PAGE 


45P 


54P 
35P 
477 


15P 


519 


433 


57P 


q 
| 
471 
23 
433 | 
154 
‘ 
| 66P 
43 
193 | 
74P 
626 
53P 
59P 
250 
274 
374 
57P 


receptive impulses . 


intestine 


receptive impulses . 


xvi LIST OF AUTHORS 


Luoyp, B. B. Special forms of gas- pS apparatus a 


Luoyp, B. B., D. J.C., Kao, F. E., Lanrat, 8. and Sxaw, D. G. The 
immediate respiratory effects of acid-base changes i in human subjects 


Lioyp, Sysr. Changes in the vascular responses of the rat during pregnancy 


Lockett, Mary F. and Davey, M. J. The action of aldosterone on the isolated 
kidney of the cat perfused from a heart—lung preparation 


_ Lowy, J. and Hanson, JEAN. Structural features relating to the ssclieslae of 


tonic contraction in certain molluscan smooth muscles . 
Lowy, J. and Mritman, B. M. Tonic and phasic — in the anterior bya 


retractor muscle (ABRM) of Mytilus 


Leacn, ExvizaBeTH. Extraction of substance P from nervous tissue 
Lever, J. D. and Lewis, P.R. A maven mechanism for the initiation of chemo- 


Mace, D. F. Gastric distension and the external secretion of the pancreas 
M. and VALERIE. ions and the of 


human erythrocytes 


Lewis, G. P. Morphine inhibition of smooth muscle stimulants on the as 8 


Lewis, G. P. and enone E. w. A comparison of the plana kinin forming 
enzymes in urine; kallikrein and urokinase. 


Lewis; P. R. and Lever, J.D. A _— mechanism for the initiation of chemo- 


J. L., ABRanaAms, V. C. and 8. M. to hype 


thalamic end mesencephalic regions subserving the defence reaction 


Matcoum, J. L. and FetpsBere, W. Experiments on the site of action of iia 
curarine when applied via the cerebral ventricles. 


_Marruews, D. M., W. T., Cox, E. V., Gappie, R. and M. J. 
The vitamin Bys, folic acid and ascorbic acid of bone marrow cells in megalo- 


blastic anaemia of pregnancy | 


Martruews, J., Barry, Beryt A. and D. Woter in different 


parts of the rat intestine 


Matruews, P. B. C. and M. Twitch and the 


response (T) . 


Matruews, P. B. C. and sting M. C. Further evidence relating to the possible 


existence of polyneuronal innervation of muscles of the hind limb of the cat. 
Maynarp, D. M. and J. H. Neurohormones of the organs of 


brachyuran 


McPuHeErson, A., Evans, M. H. and S.J. Fabricated ight animal 


operating table (T). 


MENDEL, D. and Grayson, J. Observations on the effect of insulin and . 


barbitone sodium on biood flow and heat production in the brain . 


MeEyYNELL, M. J., Cooxs, W. T., Cox, E. V., Gappre, R. and Matruews, D. M. The 
vitamin “ae folic acid and ascorbic noid of bone marrow cells in megaloblastic 


anaemia of pregnancy 


Mivep1, R. and Diamonp, J. The onus of foetal and new- born rat muscle to 


acetylcholine . 


R. and Krnsevi6, K. Presynaptic failure ¢ of neuromuscular propagation in 


rats 


PAGE 


58 


36P 
15P 
46P 
215 


66P 


3 — 
34P 
26P 
77P 
477 
26 P 
15P 
57P 
31P 
68P 
76P 
, 563 | 
45P 
36P 


LIST OF AUTHORS 


B. M. and Lowy, J. Tonic and phasic in ‘the anterior 
retractor muscle (ABRM) of Mytilus. 


Mit1s, J. N., THomas, 8. and K. 8. Effect of adrenal steroids 
eation excretion at night 


M. D., Crawrorp, M. A. H. The effets of change in 
acid-base balance on urinary citrate in the rat 


Mizton, A. 8. The enzyme systems concerned with scetyleline in the 
atria of the rabbit heart ; 


MrrcHEtL, J. F. Central stimulation of vasomotor activity in 


Moorg, R. E. Oxygen consumption and body aR in new-born kittens 
subjected to hypoxia and reoxygenation 

Moors, R. E. and UnpERWoop, Mary C. The of on 
oxygen consumption and body temperature of new-born kittens 


D. F., Dotiery, C. T. and D. The effect of chloro- 
thiazide on pempidine in man 


MurEN, A. Effect of vagotomy on the ry —- of the Pavlov pouch to 
mecholyl and histamine . 

Nrxon, D. A., H. G. and G. H. Hyporie death in the 
sheep. 

Nonn, J. F., G. R. and D. W. respiratory re- 


sponses of the to concentrations of inhaled carbon 
dioxide . 


L. H., A. C. and J. M. K. Conscious appreciation of the 


effects produced by independent changes of ventilation volume and of end- 
tidal pCO, in paralysed patients : > 

Osrpa, 8., Iwanami, M., Yamapa, T. and H. variations in 
serum inorganic phosphate and calcium with —T reference to Siege 
activity . 

Osorio, C. A note on the of to rat 

PatmeErR, A. C. Injection of drugs into the cerebral ventricle of sheep . 

PARKHOUSE, J., CROCKFORD, G. W. and Hetton, R. F. Further evidence on the 
local response of human skin vessels to direct heating 


Pascog, J. E. and Dretr-Spirr, K. The motor. nerves to the 
muscle of the rabbit ‘ ‘ 


L. D. Electron microscopic within the 
striated muscle fibres of Carcinus maenas (T) 


Puttutps, C. G. and Hern, J. E. C. Cortical thresholds for minimal rene action 
on cat motoneurones 

PickERING, G. W. and Coox,.W. F. The location of renin in the rabbit ies ; 

PickrorD, Mary. Milk ejection in the unanaesthetized dog . 

PickLes, V. R. and ca H. J. The —* of dibutamide to the 
menstrual stimulant 

Price-THomas, J. M. A simple event marker for use with the Cossor 1428 oscillo- 
graph camera (T) . ‘ 


C. 8. W. and Tircuen, D. A. patil 
and rumen in conscious sheep : 


Ricuarps, T. G., A. E. and B. “The equivalent 
of the liver . ‘ ‘ 


37P 


494 


14P 


40P 


vi 
68P 
21P 
413 | 
462 
.  44P 
56P 
g1P 
| 70P 
| 
23 | 
410 
209 | 
64P 
24P 
524 
41P 
22P 
14P 
| = 


xviii LIST OF AUTHORS 


G. B., Gorrzzs, A. E. G. 


Roserts, 7. D. M., Garry, R. C. and J. K. Reflexes involving the external 
urethcal sphincter in the cat . 


- Rosson, J. G. The effect of loading upon the ENE of muscle tremor . 


Roppre, I. C., Bare, D. A. and Grover, W. E. Cutaneous vasomotor nerves 


the upper arm, calf and thigh ‘ 


Roppre, I. C., Buarr, D. A., Grover, W. E. and Greenriexp, A. D. M. The in- 
crease in tone in forearm resistance blood vessels TT to increased trans- 
mural pressure 


Ropoprg, I. C., D. A., E. 8. L. The effect of 
bretyliam tosylate (Darenthin) on certain vascular reflexes in human limbs . 


RosSENGREN, Exsa and Kantson, G. Inhibition of histamine formation and some 
of its consequences. ‘ 


Rusuaton, W. A. H. Excitation ans in the oa 8 retina 


Rusuton, W. A. H. and Donnnr, K. O. Retinal stimulation by light substitution 
Rusuton, W. A. H. and Donnor, K. O. Rod-cone interaction in the frog’s retina 
analysed by the Stiles—-Crawford effect and by dark adaptation . ’ 

Rusnworts, G. The grasp reflex of the cat. Pe 


Saxsy, O. B., Curuscret, T. L. and Groves, D. A ane and inexpensive 2 
paratus for recording and integrating motor activity in mice (T) . 


ScuacuTer, M, and Buoora, K. D. A comparison of serum kallikrein, bradykinin 
and histamine on capillary permeability in the guinea-pig . . 


ScuacuTer, M., Cottier, H. O. J., Houeate, J. A. and SHoriey, Patricia 


apparent bronchoconstrictor action of and its some 
anti-inflammatory agents 


Scrrpner, B. N., Crawrorp, M. A. and Minne, M. D. The effects of ian in 
acid-base balance on urinary citrate in the rat . 


W., D. A. and K: Muscle blood flow emo- 
tional stress . ‘ 


Semp 8. J.G. and R.D. base ch teristi 


of arterial blood and c.s.f. in man, and the effects of alkalaemia thereon °. 


SHAW, D. G., Cunnineuam, D. J. C., Kao, F. E., Laurrt, 8. and Luoyp, B. B. The 
immediate respiratory effects of acid-base changes in human subjects . 


SHEPHARD, R. J. Préssure—volume relationships in the chest before and after death 


SHorzey, Paraicra G. , Comer, H. O. J., J. A. and Scuacurer, M. An 


apparent bronchoconstrictor action of and its some 
anti-inflammatory agents 


Srppiqi, 8S, and WaLkKer, J. M. Oxytocic cctivity of blood to the 
‘superfused’ uterus of the rat 


Smitx, A. C., Orie, L..H. and Spatprne, J. M. K. Conscious appreciation of the 
effects produced by independent changes of ventilation volume and of end- 
tidal pCO, in paralysed patients F 


Smytu, D. H., Barry, Beryu A. and Marre, J. Water transfer in different — 


parts of the rat intestine 
Smytu, D. H. and Jervis, E, Lesty. The effect of concentrations of amino acids 
on their rate of absorption from the intestine 


PAGE 


40P 


653 
29P 


19P 


614 
74P 


66P 
327 
288 


303 
60P 


9P 


80P 


54P 
413 
61P 
71P 
57P 
178 
54P 


12P 


5 
K 
‘ 


LIST OF AUTHORS 


SraLpino, J. M. K., Orie, L. H. and Surra, A. C. Conscious appreciation of the 
effects produced by independent changes of ventilation volume and of end- 
tidal pCO, in paralysed patients ; 


Spazrant, E. and H. The blood-brain barrier and the extracellular spece 


of brain . 

Srerrett, 8. J., Evans, M. H. and A. Fabricated ight animal 
operating table (T) ‘ ; ‘ ‘ 

Styztes, P. R. and Butuer, A. J. A new averaging technique 

signal-to-noise ratio of evoked potentials 

Symon, L. Observations on the leptomeningeal collateral circulation in en , 

Taytor, D. W. and Koster.iirz, H. W. The effect of on stimulation of 
post-ganglionic sympathetic nerves é 

THEOBALD, G. W. Leg volume meter . __ 

THEOBALD, G. W. The separate release of 


Tuomas, 8., J. N. and K. 8. Effect of adrenal steroids 
cation exoretion atnight ~ . 


TrrcHEN, D. A. and Rerp, C. 8. W. Activity of pata 
and rumen in conscious sheep 


Topp, J. K., Garry, R. C. and Roserts, T. D. M. Reflexes involving the external 
urethral sphincter in the cat . 


Tootny, W. H., Cross, K. W., Kxavs, M, and K. The of the new- 


born infant i in response to lung inflation 

Tracy, J. and R. A. The action of on — 
secretion 

Tracy, Hitpa J. and R. A. ‘The and of 

UnpDERWOoD, Mary, C. and Moors, R. E. The effects of hexamethonium on the 
oxygen consumption and body temperature of new-born kittens . : 

VauGHAN WIAs, E, M. A study of intracellular potentials and contractions in 
atria, including evidence for an after-potential ; . > 

Wa.per, D. N., T. E. and A. L. Dual in 
muscle . ‘ > 

WaLKER, J. M. and 8. of blood apple to the 

‘superfused’ uterus of the rat 

Wats, E. G. Sensibility of to aby. 

rinthectomy . 


Wersser, K., Cross, K. W., M, and W.H. The of the new- 
born infant i in response to lung inflation 


We ss, J. H. and Maynarp, D. M. Neurohormones of the of 


brachyuran Crustacea 
Wurre, T. Formation and catabolism of histamine in brain tissue in vitro . 


Wieser, T. N. and Brown, K. T. Intraretinal — with ee 
electrodes in the intact cat eye . 


Wriiamson, K. §., Mitts, J. N. and 8. Effect of adrenal steroids 
cation excretion at night 


Wier, E. N. A suggestion concerning the action of steroids on cells ci. 


Woopsovry, D. M. and Herxuemer, A. The effect of deoxycorticosterone acetate 
(DOCA) on salt and sucrose taste preference thresholds in rats ; 


PAGE 
494 
135 
66P | 
65P 
59P 
6P 
443 
21P 
14P 
653 
53P 
58P 
10P 
56P 
78 
12P 
33P 
53P 
215 


xx LIST OF AUTHORS 


Wortuineton, C. R. and G. F. diffraction of 
smooth and striated muscles . 


Wricat, B. M. Kinetic gas analyser 

D. E. Leucocytes in the saliva of 

G. H., H. G. and Nrxon, D. A. in 
sheep 


serum phosphate and calcium with reference to 
activity . 


serum inorganic phosphate and calcium with = reference to ee 


Zarmis, ELEANOR and H. ‘The of lowered muscle temperature 
on the action of neuromuscular blocking drugs in man ; 


PAGE 


32P 
10P 
52P 


37P 


23 


23 


112 


» > 
‘ 
| 
|| 
fy 
4 
q 
4 
a 


SUBJECT INDEX 


Papers published in Proceedings by title only are indicated by (T) 


Abomasum, acid secretion by (sheep), 
72P 

Acetylcholine, artery dilator response to 
peripheral injection of (cat), 100 


enzyme systems in atria concerned with 


synthesis of (rabbit), 462 
foetal and new-born diaphragm muscle 
sensitivity to (rat), 50P 
tonic response in plain muscle effected by 
(Mytilus), 159 
Acid-base balance, citrate excretion 
affected by (rat), 413 
immediate respiratory effects of change in 
(man), 57P 
Adaptation, retina showing (frog), 296 
Adrenal cortex, ribonucleic acid distribu- 
tion during oestrous cycle in (rat), 20P 


Adrenal gland, partial hypophysectomy 


effect on (rabbit), 401 

Adrenal steroids, cation excretion at 
night affected by (man), 21P 

Adrenalectomy, insulin action on dener- 
vated ear vessels affected by (rabbit), 
237 

Adrenaline, insulin hypoglycaemia release 
of (rabbit), 228 


intraventricular injection of (sheep), 211. 


tubocurarine action in aqueduct affected 

by (cat), 68 

Afferent fibres, intracellular recording in 
spinal cord from primary (cat), 250 

After-depolarization, primary afferent 
fibres in spinal cord showing (cat), 255 

After-hyperpolarization, primary afferent 
fibres in spinal cord showing (cat), 261 

After-potential, atria showing (rabbit), 
78 

Albumin, calcium action on eryiheocyte 
permeability affected by (man), 573 

Aldosterone, isolated kidney affected by 
(cat), 73P 

Alkalaemia, acid-base changes in arterial 
blood and c.s.f. induced by (man), 71 P 

a-ketoglutarate, citrate excretion and 
(rat), 418 

« motoneurones, cerebellar anterior lobe 
action on (cat), 626 

Amino acids, concentration effect on rate 
of intestinal absorption of (rat), 433 

Ammon’s horn, tubocurarine action on 
(cat), 60 


Anaesthetics, spindle motor fibres activity 
affected by (rabbit), 128 

Angiotensin, circulatory effects of adrena- 
line and synthetic (cat), 52P 

Anterior byssal retractor muscle, phasic 
and tonic responses in (Mytilus), 154 

Antidiuretic hormone, separate release of 
oxytocin and (man), 443 

Antidromic activation, red muscle spinal 
motoneurone excitability following 
(cat), 374 

Arginine, pituitary gland distribution of 
(rat), 519 

Artery, peripheral conducting mechanism 
in (cat), 101 

Artificial respiration, sensory effects of 
(man), 494 

Asphyxia, spindle motor fibre activity 
affected by (rabbit), 129 

Atria, enzyme systems concerned with 
ACh synthesis in (rabbit), 462 

intracellular potentials and contractions — 

in (rabbit), 78 

Atrioventricular conduction, right atrial 
filling pressure effect on (rabbit), 202 

Atropine, hand and forearm blood flow 
during insulin hypoglycaemia affected 
by (man), 486 


Bladder, external urethral sphincter re- 
flexes from (cat), 654 

Blood-brain barrier, extracellular space 
of brain and (rabbit), 135 : 

Blood flow, axial drift of erythrocytes in 
narrow tube (dog), 593 

Blood platelets, 5-HT and ATP in sertinles 
isolated from (man), 55P 

Blood pressure, oxytocin and vasopressin 
action during pregnancy on (rat), 586 

Blood sugar, vasoconstrictor substance 
release determined by concentration of 
(rabbit), 236 

Blood viscosity, axial drift of e 
in narrow tube relation to (dog), 593 

Body temperature, hypoxia and environ- 
mental temperature effect in new-born 
on oxygen consumption and (cat), 356 

hypoxia effect in new-born on (cat), 500 

Botulinum toxin, post-contraction hyper- 
aemia of muscle affected by ov 
105 
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Bradykinin, anti-inflammatory agents 
action on bronchoconstrictor action of 


(guinea-pig), 54P 
Brain, extracellular space of (rabbit), 138 


histamine formation and catabolism in 


(mammal), 34 
insulin and pentobarbitone actions on 

blood flow and heat production in 
(monkey), 38P 

Bretylium tosylate, vascular reflexes in 
limbs affected by (man), 74P 

Bruch’s membrane, R membrane in 
retina and (cat), 555 v 


Calcium, erythrocyte permeability affected 
‘by (man), 569 

Capillary permeability, serum kallikrein, 
bradykinin and histamine action on 
(guinea-pig), 80P 

Carbon dioxide, circulatory and respira- 
‘ tory responses to increasing concentra- 
tions of (dog), 75P 

Cardiac output, dye injection method 
measurement of (cattle), 16P 

Cardiac vagal efferents, types of (cat), 
47P 

Cerebellum, « motoneurones affected by 
anterior lobe of (cat), 626 

Cerebral ventricles, drugs injection into 
(sheep), 209 

site of action of tubocurarine when ap- 

plied via (cat), 58 

Chemoreceptive impulses, possible me- 


chanism for initiation of (cat, rabbit), 


26P 

Chest, pressure—volume relationships before 
and after death in (rabbit), 178 

Chlorothiazide, pempidine action affected 
by (man), 81P 

Citrate excretion, acid-base balance effect 
on (rat), 413 

Co-enzyme A, ACh synthesis in atria 
and (rabbit), 464 

Conduction velocity, contraction fre- 
quency of atria effect on (rabbit), 82 

Cutaneous vasomotor nerves, upper 
arm, calf and thigh (man), 19P 


Dark-adaptation, spectral sensitivity 
curves from ganglion cell during (frog), 
312 

Death, chest pressure-volume relationships 
affected by (rabbit), 178 

Defence reaction, sensory input to hypo- 
thalamic and mesencephalic regions 
subserving (cat), 45P 

Denervated ear vessels, insulin action 
on (rabbit), 230 


Denervation, post-contraction hyperaemia 
of muscle affected by (cat), 105 

Diaphragm, thyroxine binding by (rat), 
410 

Dorsal root potential, primary afferent 
fibres in spinal cord developing (cat), 258 

Dorsal root reflex, tetanus in primary 
afferent fibres in spinal cord effect on 
(cat), 280 


Emotional stress, muscle blood fiow 
during (man), 61P 
Enterogastrone, gastric secretion affected 
es, axial flow in narrow tube of 
(dog), 593 
calcium effect on permeability of (man), 
Eserine, intraventricular injection of 
(sheep), 210 
Event-marker, Cossor 1428 oscillograph 
used with (T) 14P 
Excitation pools, retina containing (frog), 
327 
Extensor motoneurones, cerebellar 
anterior iobe action on (cat), 631 
External urethral sphincter, reflexes 
involving (cat), 653 
Eye, intraretinal recording in intact (cat), 
537 


Fatty acids, rumen contractions and 
parotid secretion affected by (sheep), 
53 

Femoral artery, leg muscle stimulation 
effecting dilatation of (cat), 95 

Fibrillation, filling pressure of heart effect 
on (rabbit), 198 

Flexor motoneurones, cerebellar anterior 
lobe action on (cat), 636 

Foetal muscle, ACh eoemcuabined of (rat), 
50P 

Foetus, hypoxic death in (sheep), 37P 

Forearm blood flow, atropine action 
during insulin hypoglycaemia on (man), 
486 

infra-red radiation effect on (man), 424 

Forearm resistance blood vessels, in- 
creased transmural pressure effect on 
tone of (man), 614 


Ganglion cells, organization of receptive 
fields in retina of single (cat), 546 

Gas analyser, kinetic, 10P , 

Gas analysis apparatus, special forms of 
(T), 16P 

Gastric secretion, enterogastrone action 
on (dog), 58P 


uae 
| 


SUBJECT INDEX xxiii 


Gastrin, preparation and properties of 
(hog), 70P 

Glomeruli, renin location near (rabbit), 
529 

Grasp reflex, (cat), 60P 

‘Grass-green’ rods, function of (frog), 
311 


Hand blood flow, atropine action during 
insulin hypoglycaemia on (man), 486 
Heart, pericardial organ neurohormones 
effect on (crustaceans), 217 
Heart rate, filling pressure effect on isolated 
(vertebrate), 193 
Heat adaptation, serum P change in (man), 
26 
Hexamethonium, hypoxia action on meta- 
bolism in new-born affected by (cat), 
511 
oxygen consumption and body tempera- 
ture of new-born affected by (cat), 56P 
Histamine, artery dilator response to peri- 
pheral injection of (cat), 100 
brain formation and catabolism of 
(mammal), 34 
inhibition of formation of (rat), 66P 
Histidine, concentration effect on rate of 
intestinal absorption of enantiomorphs 
of (rat), 433 
Hydroxytryptamine, pericardial organ 
neurohormones and (crustaceans), 217 
Hyperpolarization, red muscle spinal 
motoneurone showing antidromic in- 
hibitory (cat), 383 
Hypophysectomy, effects of partial (rab- 
bit), 394 
Hypothalamus, histamine formation in 
(mammal), 37 
Hypoxia, maturity, environmental tem- 
perature and animal size effects on 
action of (cat, guinea-pig), 352 
oxygen consumption and body tempera- 
ture of new-born affected by (cat), 500 
oxygen consumption in young at low 
temperature affected by (rabbit), 149 


Infants, leucocytes in saliva of (man), 52P 

Infra-red radiation, skin vessels affected 
by (man), 424 

Inhibitory hyperpolarization, red muscle 
spinal motoneurone showing anti- 

| dromic (cat), 383 

Inhibitory responses, retinal ganglion 

cells giving (cat), 550 

_ Insulin hypoglycaemia, adrenaline release 
in (rabbit), 228 

Intercostal muscle activity, respiratory 
air flow and (man), 471 | 


Intestine, amino acids concentration effect 
on rate of absorption from (rat), 433 
morphine inhibition of stimulants to 
water transfer in different parts of (rat), 
78P 
Intraretinal recording, excitation pools 
and (frog), 340 
Isolated perfused heart, extracellular 
space of (rat), 15 P 


Kallikrein, urokinase comparison with 
(man), 477 
Kidney, acid-base balance effect on citrate 
content in (rat), 415 
renin location in (rabbit), 526 | 


Labour, oxytocin and ADH action on 

wterus during (man), 447 

Labyrinthectomy, sensibility to linear 
acceleration after unilateral (man), 33 P 

Lactose, erythrocyte permeability affected 
by (man), 565 

Langendorff heart perfusion apparatus 
(rat), 1P 

Leg volume meter (man), 6P 

Leptomeningeal collateral circulation, 
observations on (dog), 79P 

Light substitution, retinal stimulation by 
(man, frog), 288 

Lithium flux, calcium effect on erythrocyte 
(man), 570 

Liver, equivalent plasma volume of (dog), 
40P 

Lungs, death effect on pressure-volume 
relationships in (rabbit), 178 


Magnesium, erythrocyte permeability 
affected by (man), 569 

Max-Planck respirometer, modified sam- 
pling system for, 11P 

Megaloblastic anaemia of pregnancy, 
vitamin B,,, folic acid and ascorbic acid 
of bone marrow cells in (man), 36 P 

Menstrual stimulant, dibutamide 
gonism to (man), 22P 

Mesopic spectral sensitivity, analysis of 
(frog), 308 

Mesopic state, silent substitution in (frog), 
332 

Metabolic rate, maturity, environmental 
temperature and body-size effect on 
hypoxia action on (cat, guinea-pig), 346 

temperature coefficient in hypoxia in 

| new-born of (cat), 513 

Methionine, concentration effect on rate of 
intestinal absorption of enantiomorphs 
of (rat), 433 
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Methylhistamine, brain formation of (cat), 
38 
Micturition, external onshrel sphincter 
activity in (cat), 653 
Milk ejection, oxytocin and intracarotid 
ACh effect in unanaesthetized animal on 
(dog), 41P 
Monosynaptic reflex, cerebellar anterior 
lobe action on (cat), 629 
Morphine, post-ganglionic sympathetic 
nerve stimulation affected by (cat), 59 P 
Motoneurones, cortical thresholds for 
minimal synaptic action on (cat), 24P 
fixation by perfusion or by immersion 
effect on (monkey), 9P 
fixation method and time after death of 
fixation effect on (monkey), 3P 
Motor activity, simple inexpensive ap- 
paratus for recording and integrating 
(mouse) (T), 9P 
Motor cortex,positive extracellular spikes 
in antidromically activated (cat), 23P 
Muscle blood flow, emotional stress effect 
on (man), 61P 
Muscle spindles, motor nerves to (rabbit), 
120 
secondary endings in (cat), 27P 
simple and compound (cat) (T), 9P 
Muscle tremor, loading effect on fre- 
quency of (man), 29P 
Muscular activity, tubocurarine in cere- 
bral ventricles effect on (cat), 62 


Nerve, substance P extraction from (cattle), 
34P 
Nerve degeneration, substance P in, 35 P 
Nerve excitability, ischaemia effect on 
(man), 13P 
Nerve polarization, presynaptic neuro- 
muscular block affected by (rat), 15 
Neuromuscular blocking drugs, muscle 
temperature effect on action of (man), 
112 
Neuromuscular junction, 
failure at (rat), 1 
Neurosecretory material, arginine distri- 
bution in pituitary gland and (rat), 519 
New-born, gasp in response to lung in- 
‘flation in (man), 53P 
hexamethonium effect on oxygen con- 
sumption and body temperature of 
(cat), 56P 
hypoxia effect on oxygen consumption 
and body temperature of (cat), 500 
hypoxia effect on oxygen consumption of 
adult and (cat, guinea-pig), 352 
thermal environment and breathing in 
(rabbit), 144 


presynaptic 
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Nicotine, artery dilator response to peri- 
pheral injection of (cat), 100_ 

Noradrenaline, tubocurarine action in 
aqueduct affected by (cat), 68 


Oesophagus, forestomach contractions and 
parotid secretion affected by stimula- 
tion of (sheep), 46 

Operating table, fabricated light-alloy 
animal (T), 66P 

Ovary, partial hypophysectomy effect on 
(rabbit), 402 

Oxygen consumption, effect in 
new-born on (cat), 500 

method for continuous measurement of 
24 hr CO, production and (man), 63 P 

temperature and other factors effect on 
hypoxia action on (cat, guinea-pig), 352 

Oxygen lack, presynaptic neuromuscular 
block affected by (rat), 13 

Oxytocin, blood pressure during pregnancy 

affected by (rat), 586 

direct test on ‘superfused’ uterus of blood 
containing (rat), 12P 

separate release of ADH and (man), 443 


Pace-maker, right atrial pressure in 
isolated heart effect on (vertebrate), 
197 
Pancreas, gastric distension and externa 
secretion of (dog), 76P 
Parathyroid, seasonal changes in activity 
of (man), 28 
Parotid secretion, forestomach stimula- 
tion effect on (sheep), 43 
Pavlov pouch, vagotomy effect on secretory 
responses to mecholyl and histamine of 
(dog), 70P 
Pericardial organs, neurohormones of 
(crustaceans), 215 
Phasic response, tension redevelopment 
after release in plain muscle (Mytilus), 
160 
Photopic dominator, high-intensity 
adaptation of retina and (frog), 294 
Photopic state, silent substitution in (frog), . 
335 
Pituitary gland, arginine distribution in 
(rat), 519 
Plain muscle, phasic and tonic responses 
in (Mytilus), 154 
structural features relating to mechanism 
of tonic contraction in (molluscs), 31 P 
tension response abolition during con- 
tinued electrical activity of (guinea- 
pig), 51P 
tonic and phasic responses in (Mytilus), 
 68P 
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. Plain muscle, X-ray diffraction patterns of 
skeletal and (various), 32P 

Plasma kinin, urinary enzymes forming 
(man), 477 

Polarization, membrane potentials of 
primary afferent fibres in spinal cord 
affected by (cat), 281 

Post-arrest potentiation, atria showing 
(rabbit), 78 

Post-tetanic changes, primary afferent 
fibres showing (cat), 276 

Post-tetanic potentiation, primary afferent 
fibres in spinal cord showing (cat), 263 

Potassium flux, calcium effect on eeythiro- 
cyte (man), 570 

Potentials, new averaging technique for 
improving signal-to-noise ratio of, 65P 

Pregnancy, vascular responses change 
during (rat), 586 

Presynaptic neuromuscular 
causes of (rat), 1 

Primary afferent fibres, intracellular 

recording in spinal cord from (cat), 


block, 


250 
Receptor units, central connexions of 
mantle mechanicall tive (Octopus) 
(T), 82P 


Red muscle, excitability following anti- 
dromic activation in spinal moto- 
neurones supplying (cat), 374 

Renin, location in kidney of (rabbit), 
526 

Respiration, thermal environment of 
young effect on (rabbit), 144 

tubocurarine in fourth ventricle effect on 
(cat), 66 

Respiratory air flow, intercostal muscle 
activity and (man), 471 

Reticulum, activity in conscious animal of 
partially exteriorized rumen and 
(sheep), 14P 

forestomach stimulation effect on con- 
tractions of (sheep), 43 

Retina, coloured adapting field effect on 

spectral sensitivity of (frog), 318 

excitation pools in (frog), 327 

light substitution stimulation of (man, 
frog), 288 

recording with micropipette electrodes i in 
intact (cat), 537 

rod-cone interaction in (frog), 303 

Retinal ganglion cell, light substitution 
effect on (frog), 292 

R membrane, Bruch’s membrane in retina 
and (cat), 555 

Rumination, forestomach stimulation 

' effect on (sheep), 43 
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Saliva, infant age effect on leucocytes in 
(man), 52P 

Sarin, atropine and P28 effect on poisoning 
by intrathecal (dog), 49P 

Scotopic sensitivity, light substitution 
measurement of (man), 292 

Scotopic visual acuity, absolute light 
threshold and (man), 61 P 

Seasonal variation, serum P and Ca 
showing (man), 23 

Serum phosphate, seasonal variation in 
(man), 23 

Silent substitution, excitation pools in 
retina and (frog), 332 

Skeletal muscle, f-efferent fibres in nerves 
to (cat), 28P 

dual circulation in (cat), 18P 
polyneuronal innervation of (cat), 46P 

Skeletal muscle contraction, artery 
dilator response to (cat), 95 

Skeletal muscle stretch, spindle motor 
fibre activity affected by (rabbit), 
128 


Skeletal muscle temperature, neuro- 
muscular blocking drugs’ action affected 
by (man), 112 
Skin vessels, infra-red radiation effect on 
(man), 424 
local response to direct heating of (man), 
64P 
Sodium flux, calcium action on erythro- 
cyte (man), 570 
Specific dynamic action, pure protein, 
fat, carbohydrate and mixed diet effect 
on (man), 82P 
Spectral sensitivity, coloured adapting 
field in determination of ganglion cell 
excitation pools in retina and (frog), 
339 
Spinal cord, intracellular recording from 
primary afferent fibres in (cat), 250 
presynaptic ‘changes and _ post-tetanic 
potentiation in (cat), 274 
scratching movements elicited by topical 
application drugs to upper cervical 
(cat), 65P 
Spinal motoneurones, axon collaterals 
- inhibition of. different types of (cat), 
376 
Spindle motor fibres, types of (rabbit), 
120 
Steroids, action of cells of (T), 82P 
Stiles—Crawford effect, rod—cone inter- 
action in retina analysed by (frog), 
303 
Stimulation frequency, presynaptic 
neuromuscular block affected by (rat), 3 
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investigation in limb muscles of (cat), 

Striated muscle, extracellular space within 
fibres of (Carcinus maenus) (T), 82P 

Submaxillary gland, sympathetic secre- 
tory fibres for (cat), 67P 

Suckling, oxytocin and ADH release by 
(man), 450 

Superior colliculus, optic tract fibres 
termination in (monkey), 5P 

Synaptic activation, repetitive, 43 P 


Taste preference thresholds, DOCA 
effect on salt and sucrose (rat), 42P 

Temperature, breathing in young affected 
by reduction of (rabbit), 149 


calcium effect on erythrocyte permea- 


bility affected by (man), 573 

hypoxia action on oxygen consumption of 
new-born and adult affected by (guinea- 
pig, cat), 346 

lung pressure-volume relationship after 
death affected by (rabbit), 185 

presynaptic neuromuscular block affected 
by (rat), 11 

Tension-length relationship, plain muscle 

tonic response affecting (Mytilus), 


y curves, colour of 
test flash on adapting field effect on 
(frog), 320 

Thyroid gland, partial hypophysectomy 
effect on (rabbit), 396 

Thyroxine, diaphragm binding of (rat), 410 

Tonic response, tension redevelopment 
after release in plain muscle (Mytilus), 
163 

Transducer system, new versatile, 2P 


Venous oxygen saturation, 


SUBJECT INDEX 


Transmural pressure increase, forearm 
resistance vessels’ tone affected by 
(man), 614 

Tubocurarine, muscle temperature effect 
on action of (man), 116 

site of action when applied by the cerebral 
ventricles of (cat), 58 


Twitch desynchr tion, back-response 
and (T), 156P 
Urethra, external urethral sphincter re- 


flexes from (cat), 656 

Urine, plasma kinin forming enzymes in 
(man), 477 

Urokinase, kallikrein compafison with 
(man), 477 

Uterus, adrenaline receptor lability in (cat), 
4P 

oxytocin and ADH action in labour on — 

(man), 447 


Vasomotor activity, central stimulation 
of peripheral (sheep), 44.P 

Vasopressin, blood pressure during preg- 
nancy affected by (rat), 586 

increased 
transmural pressure on forearm effect 
on (man), 617 

Ventilation volume, conscious apprecia- 
tion in paralysed patients of changes in 
(man), 494 

Ventricle, filling pressure effect on beat of 
(frog), 201 

Vermis, spinal « motoneurones affected by 
(cat), 640 


Walking, calf blood flow after (man), 17P 
Water diuresis, suckling effect on (man), 
450 
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